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PROPERTIES AND MECHANISMS: PHYSICAL AND CHEMICAL 
INVESTIGATIONS OF BIS(IMINO)PYRIDINE RUTHENIUM COMPLEXES 
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Donald H. Berry 
 Interesting chemical transformations and reactivities of metal complexes bearing 
the bis(imino)pyridine ligand have been observed. These transformations and reactivities 
have often been attributed to interesting electronic structures induced by the ligand. 
Developing a better understanding of the nature of the bis(imino)pyridine ligand and how 
to tune it has become an area of great interest. Ruthenium complexes bearing the 
bis(imino)pyridine ligand have been synthesized and probed using various analytical 
techniques to investigate electronic structure. Similarly, chemical transformations and 
reactivities involving ruthenium bis(imino)pyridine complexes have been investigated. 
The coordination number appears to significantly affect the mode by which the chemistry 
of these complexes occurs, whether through radical chemistry or traditional 2 e
–
 
chemistry.  
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Chapter 1. General Introduction to Low Valent Ruthenium Bis(imino)pyridine 
Complexes and Interesting Electronic Structures
2 
 
1.1 History and Background of the Bis(imino)pyridine Ligand 
In 1974, Alyea and coworkers first reported on the synthesis of 
bis(arylimino)pyridines and their coordination to metals.
1
 It was not until the late 1990s 
though, that three groups, Brookhart, Gibson, and DuPont, independently discovered the 
catalytic activity of late transition metals bearing the bis(arylimino)pyridine ligand, [N3
Ar
] 
([N3
Ar
] = 2,6-(ArN=CMe)2C5H3N and Ar = aryl group), toward ethylene 
polymerization.
2-7
 Prior to this discovery, ethylene polymerization had not been 
performed by iron systems let alone with the efficiency observed with the 
bis(imino)pyridine ligand. As described by Brooke Small from the Brookhart group, it 
was a “‘rainy day’ in the summer of 1996” when he reacted 2,6-diacetylpyridine with 
2,6-diisopropyl aniline to form an [N3] ligand, which was subsequently coordinated to an 
“ancient” batch of iron(II) chloride tetrahydrate to make the [N3]FeCl2 precatalyst.
8
 
Further activation with MMAO (modified methylaluminoxanes) allowed the iron catalyst 
to react rapidly under 1 bar of ethylene pressure to form polyethylene.  
Since this discovery, much work has been done on and with the 
bis(imino)pyridine class of ligands as reviewed by Gibson et al.
9
 The initially studied iron 
and cobalt complexes have been investigated to determine the active species during 
ethylene polymerization,
10-13
 other metals bearing the [N3] ligand have been investigated 
such as rhodium, iridium, and copper,
14-18
 and variations of the [N3] ligand have been 
synthesized and studied on metals for catalytic reasons.
19
  
 
3 
 
1.2 Synthesis of Bis(imino)pyridine Ligands 
The bis(imino)pyridine ligand is commonly synthesized via a Schiff-base 
condensation of 2,6-diacetylpyridine with an aniline of choice (eq 1).  
      
(1)
 
Historically, the synthesis has been performed in alcohol solvents at elevated 
temperatures with a catalytic amount of acid.
9
 More recently, the higher boiling toluene 
has been used instead of an alcohol solvent with p-toluene sulfonic acid as the catalyst to 
perform the Schiff-base condensation providing the [N3] ligands used. It is important to 
note the use of a Dean-Stark trap containing molecular sieves to remove water from the 
reaction. Removal of water drives the equilibrium reaction to completion. 
 
1.3 Synthesis of Low Valent Bis(imino)pyridine Complexes 
There has been much interest in the literature about bis(imnio)pyridine complexes 
involving low valent metals. Low valent metals have been stabilized by the interesting 
properties of the [N3] ligand allowing for novel reactivities and electronic structures to be 
studied.
20-26
 As such, being able to synthesize and access these low valent states is of 
significant interest. Gambarotta, for example, has used two equiv of MeLi to reduce 
4 
 
[N3]MnCl2 to the formally Mn(I) methyl complex and has used an excess of NaH to 
reduce [N3]VCl3 to a bridging dinitrogen complex bearing formally V(0) metal centers 
(eq 2).  
    
(2)
 
Our group has employed two main methods of reduction to obtain low valent 
ruthenium complexes from the common starting material [N3]RuCl2(C2H4) (1). Gallagher 
has previously used Et3SiH to reduce 1 in arene solvent to 
2
-[N3]Ru(
6
-arene) (2), 
which is formally Ru(0) (eq 3).
27
 Hylden has also established the use of KC8 with 
complex 1 and the additional co-ligands CO and PMe3 to directly form the Ru(0) 
complexes [N3]Ru(CO)2 (3) and [N3]Ru(PMe3)2 (4) previously reported by Gallager (eq 
4).
28,29
 Additional syntheses of low valent ruthenium complexes were performed by 
Hylden via the one electron oxidation of the previously reported complexes 3, 4, and the 
mixed ligand complex, [N3]Ru(CO)(PMe3) (5) to obtain rare formally Ru(I) complexes.
28 
5 
 
      
(3) 
                 
(4) 
 
1.4 Electronic Structure of Complexes Bearing the Bis(imino)pyridine Ligand 
An interesting feature of the bis(imino)pyridine ligand is the ability to accept a 
large and variable amount of electron density while coordinated to a metal. The reason 
[N3] ligands can accept electron density with relative ease is due to the energetically low 
lying * system delocalized throughout the ligand. The [N3] * system is often capable 
of having energies comparable to metal d orbitals allowing for significant mixing of these 
orbitals to occur.
30
 This electron accepting ability lends itself towards ambiguous 
electronic structures that exhibit interesting experimental results. 
6 
 
The large amount of orbital mixing can allow for states of higher multiplicity to 
contaminate the ground state giving rise to unusual spectroscopic behavior. This 
contamination gives rise to a multiconfigurational, or open-shell, ground state. 
Ruthenium complexes possessing a multiconfigurational ground state are capable of 
exhibiting temperature independent paramagnetism (TIP). The effects of TIP on 
ruthenium [N3] complexes can be observed via nuclear magnetic resonance (NMR) 
spectroscopy where imine methyl shifts tend to appear significantly upfield, ~ 0, 
compared to where they normally appear, ~ 2.29 This upfield shift, as the name TIP 
implies, is constant regardless of temperature, unlike paramagnetically influenced shifts 
that exhibit Curie-Weiss behavior as previously observed by Wieder.
31
  
These multiconfigurational ground states can be modeled using computational 
methods. Density Functional Theory (DFT) employs unrestricted, or broken symmetry, 
wave functions to model multiconfigurational states. This entails calculating different 
orbitals for alpha and beta electron spins, unlike classical restricted calculations where 
the alpha and beta spins are described by the same wave function. These unrestricted 
calculations usually provide lower energy wave functions for ground states that are 
multiconfigurational.
32
  
There are complexes, however, where a higher multiplicity wave function is 
close, but not mixed into the ground state. This can result in either metal to ligand charge 
transfer (MLCT) (Scheme 1) or a thermal population of an excited state. Complexes have 
been observed where 3 electrons have been transferred from the metal to the [N3] 
7 
 
ligand.
33,34
 Bart, Schelter, and co-workers have used magnetometry to investigate the 
electronic structure of a series of uranium compounds bearing the [N3] ligand that varied 
by the number of reducing equivalents.
35
 While the uranium oxidation state was 
maintained at +4 throughout this series, the [N3] ligand was shown to possess varying 
amounts of electrons up to an unprecedented four electrons localized on the ligand.  
 
Scheme 1. MLCT Resonance Structures  
 
 
 Structural parameters as determined by X-ray crystallography can also be 
employed to help elucidate the electronic structure of metal complexes bearing the [N3] 
ligand.
36,37
 As more electron density is put into the * system of the ligand, the C=N and 
the imine-pyridine C–C bond lengths exhibit greater perturbation. The C=N bond 
elongates and the CIm–CPy bond shortens with increasing electron density on the ligand.  
 
1.5 Conclusions 
 The [N3] ligand demonstrates very interesting properties that are commonly 
attributed to its energetically accessible * system. The [N3] ligand is relatively easy to 
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synthesize and modify allowing for facile tuning of the * system and sterics of the 
ligand. The facile tuning of the * system and sterics causes the [N3] ligand to be a prime 
target for various studies looking to further understand and exploit the properties 
observed when coordinated to a metal. The electronic structure of these complexes is 
commonly of interest and can be leveraged for novel chemical transformations. 
 Chapters 2 and 3 of this thesis provide more extensive investigations of the 
electronic structures of ruthenium compounds bearing the [N3] ligand. Chapters 4 and 5 
of this thesis describe chemical transformations that occur and may be due to interesting 
electronic structures associated with the properties of the [N3] ligand. Ultimately, a better 
understanding is provided for the electronic and chemical properties of [N3]Ru 
compounds. 
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Chapter 2. Electrochemistry of Ruthenium Bis(imino)pyridine compounds: 
Evidence for an ECE Mechanism and Isolation of Mono and Dicationic Complexes
12 
 
2.1 Introduction 
Ever since the Brookhart – Gibson – DuPont discovery of the polymerization of 
ethylene using metals bearing the 2,6-bis(imino)pyridine ligand, [N3], much work has 
been performed to better understand other systems bearing similar ligand frameworks for 
purposes of polymerization and catalysis.
1-4
 Bianchini and co-workers reviewed 
polymerization studies of late first row metals with [N3] ligands in great detail.
5
 Chirik 
and co-workers have demonstrated many catalytic transformations using [N3]Fe 
complexes such as the hydrogenation and hydrosilylation of olefins
6
 as well as [2 + 2] 
cyclization of  dienes and alkenes.7,8 [N3]Ru complexes have been used for the 
catalytic epoxidation of cyclohexene
9
 and cyclotrimerization of acetylene,
10
 and [N3]Co 
complexes can perform C–C coupling chemistry.11 
Why these transformations occur and what role the [N3] ligand serves in 
performing these transformations is of great interest. The [N3] ligand is known to be 
redox active, exhibiting “non-innocent” behavior via an energetically accessible extended 
* system capable of accommodating metal-to-ligand electron transfer.12-14 The [N3] 
ligand has shown the ability to stabilize metals of various discrete and ambiguous 
oxidation states, as reviewed by Burger and coworkers.
15
 A previously reported binuclear 
formally Ru(I) hydride species bearing the [N3] ligand was found to exhibit interesting 
intermolecular interactions in the crystal structure akin to organic -stacking suggesting a 
more ambiguous oxidation state of the metal center.
16
  
13 
 
Our group has previously reported a series of strong-field coligand [N3
Xyl
]RuL1L2 
systems (1: L1, L2 = CO; 2: L1 = CO, L2 = PMe3; 3: L1, L2 = PMe3) ([N3
Xyl
] = 2,6-
(XylN=CMe)2C5H2N) whose analogues, [N3
Mes
]RuL1L2 ([N3
Mes
] = 2,6-
(MesN=CMe)2C5H2N) (Figure 1), were synthesized.
17
 In this contribution, we report the 
electrochemical redox behavior of these analogues, as well as the synthesis and isolation 
of cationic and dicationic species present in an observed electrochemical-chemical-
electrochemical (ECE) process. The difference in charge distribution over four 
isostructural complexes is analyzed using a combination of structural and computational 
methods. 
 
Figure 1. [N3
Mes
]RuL1L2 series investigated. 
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2.2 Results and Discussion 
2.2.1 Cyclic Voltammetry of [N3
Mes
]RuL1L2 Compounds 
The electrochemistry of the five-coordinate, 18 e
−
 [N3
Mes
]RuL1L2 complexes was 
studied by cyclic voltammetry (CV) in acetonitrile solvent using [TBA][PF6] (TBA = 
tetrabutylammonium) as the supporting electrolyte. Dicarbonyl derivative 1 exhibits 
reversible reduction and oxidation waves at −2.17 V and −0.77 V versus Cp2Fe
0/+
 internal 
standard. Complex 2, in which one of the -accepting CO ligands has been replaced with 
a strongly e
−
-donating phosphine ligand, exhibits waves at −2.38 V and −1.11 V. Thus, 
the oxidation of the more electron-rich complex is more facile than 1, and the reduction 
to the anion is more difficult. Keeping with this trend, 3, which contains no π-accepting 
CO ligands, is the easiest complex to oxidize (−1.31 V) and most difficult to reduce 
(−2.67 V) of the series. The difference between the reduction and oxidation potentials for 
each compound is fairly constant at ~1.3 V (Figure 2).  
15 
 
 
 
Figure 2. Cyclic voltammograms; reductions (top) and oxidations (bottom) of 
compounds 1, 2, and 3 in CH3CN. Scans start from a voltage of zero current. Potentials 
relative to Cp2Fe, [TBA][PF6] supporting electrolyte, and 0.100 V/s scan rate. Values in 
parentheses are peak separations. 
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Unlike the di- and monocarbonyl complexes 1 and 2, the bis(phosphine) 
derivative 3 exhibits a second oxidation wave at −1.12 V, 190 mV anodic to the first 
oxidation wave. The open-circuit potential (OCP) of isolated 3
+
[BAr
F
4] ([BAr
F
4] = 
B(3,5-(CF3)2-C6H3)4
−
, vide infra) lies between the two oxidation features at −1.23 V. The 
two oxidation waves in 3 were confirmed as 1 e
−
 events by differential pulse voltammetry 
(DPV) calibrated against Cp2Fe. Varying the scan rate over the range of 0.025 − 1.0 V/s 
displayed no influence on the shape of the two oxidation features. Additionally, no 
change in the shape of the oxidation waves was observed upon varying the concentration 
of 3 from saturation (~1.5 mM) to 7.5 x 10
−5
 M. The oxidation potentials of 3 were 
essentially the same with either [TBA][PF6] or [NPr4][BAr
F
4] as the supporting 
electrolyte. However, use of tetrahydrofuran (THF) as the solvent instead of CH3CN 
results in a dramatic change in the CV of 3. Although the first oxidation wave in THF at 
−1.26 V is similar to the potential in CH3CN (−1.31 V), the second oxidation event is 
observed at a significantly more anodic potential, and it appears to be a composite of two 
waves at −0.83 and −0.72 V, the sum of which corresponds to ~1 e– oxidation total 
(Figure 3). In contrast, compounds 1 and 2 do not exhibit additional oxidation features 
out to 0.75 V anodic to Cp2Fe
0/+
. 
 
17 
 
 
Figure 3. CV showing oxidations of 3 in THF (solid) and AN (dashed). Scans start from 
a voltage of zero current. Potentials relative to Cp2Fe, [TBA][PF6] supporting electrolyte, 
and 0.100 V/s scan rate. Values in parentheses are peak separations. 
 
2.2.2 Synthesis and Characterization of Mono- and Dicationic Derivatives of 3  
Given the reversible nature of the oxidation waves in the CV of 3, the syntheses 
of the monocationic 3
+
 and dicationic 3
2+
 were undertaken. Oxidation of 3 with 1 equiv 
of [Cp2Fe][BAr
F
4] in diethyl ether provided 3
+
[BAr
F
4] in 62% yield (eq 1). Compound 3
+
 
can also be prepared by the comproportionation of the neutral and dicationic complexes 
(vide infra). The 
1
H NMR spectrum of this paramagnetic complex in THF-d8 exhibits 
sharp resonances at 7.79 and 7.57 for the aromatic protons of the borate anion and very 
broad peaks at ~6 and −3 (~700 Hz full width at half-maximum (fwhm)) in a roughly 
2:1 ratio. The crystal structure of 3
+
 exhibits a pseudo square-pyramidal geometry with a 
mirror plane through the ruthenium, pyridine nitrogen, and two phosphorus atoms similar 
to the previously reported neutral [N3
Xyl
] analogue (Figure 4).
17
 Selected bond distances 
18 
 
in 3
+
 are summarized in Table 1. The X-band electron paramagnetic resonance (EPR) 
spectrum of 3
+
 exhibits a rhombic signal with an average g value of 2.024 and g of 
0.083, consistent with a delocalized highest occupied molecular orbital (HOMO) over the 
[N3] ligand and metal. 
 
 
(1) 
 
Figure 4. ORTEP drawing of 3
+
 with 50% probability thermal ellipsoids. Hydrogen 
atoms and counterions were omitted, and the mesityl ring on N1 was truncated for clarity. 
 
Although it would be possible to prepare the dication, 3
2+
, by oxidation of 3 with 
2 equiv of ferrocenium, it proved simpler to begin with a Ru(II) starting material. 
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Compound 3
2+
 was isolated in 72% yield as the [BAr
F
4] salt from the metathesis of 
[N3
Mes
]RuCl2(C2H4) with 2 equiv of NaBAr
F
4 in the presence of 2 equiv of PMe3 in 
CH2Cl2 (eq 2). The 
1
H NMR and crystal structure (Figure 5 and Table 1) are consistent 
with a pseudo square-pyramidal geometry in both the solid state and solution. The 
31
P{
1
H} NMR features two sharp doublets at  38.43 and −0.86 (2JPP = 37.2 Hz) in 
CD2Cl2, indicating the complex is not fluxional on the NMR time scale at 300 K.  
 
(2) 
 
Figure 5. ORTEP drawing of 3
2+
 with 50% probability thermal ellipsoids. Hydrogen 
atoms and counterions were omitted, and the mesityl ring on N1 was truncated for clarity. 
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Furthermore, the comproportionation of 3
2+
 with 3 in 1,2-difluorobenzene is rapid 
and produces 2 equiv of 3
+
 isolated in 81% yield (eq 3). Comproportionation is the 
preferred method to prepare 3
+
. 
 
 (3)
 
Treatment of the 16 e
−
 dicationic 3
2+
 with acetonitrile rapidly generates the 6-
coordinate adduct 3
2+·AN, which was isolated in 81% yield as the BArF4 salt (eq 4). The 
solid state structure of the complex exhibits a pseudo octahedral geometry with CH3CN 
trans to one of the phosphines (Figure 6 and Table 1). The 
1
H NMR of 3
2+·AN in CD2Cl2 
is consistent with this geometry. Although the 
1
H NMR exhibits a sharp resonance at 
 2.17 for the coordinated nitrile, spectra taken in the presence of excess CH3CN at 300 K 
show a broad averaged peak for free and bound ligand at  1.97, indicating rapid 
exchange on the NMR time scale. The 
31
P{
1
H} NMR of 3
2+·AN at 300 K in CD2Cl2 in 
the absence of added CH3CN shows two broad resonances (−3.02 and −12.32), but both 
phosphorus resonances resolve into sharp doublets at 270 K, and they are also resolved in 
the presence of excess CH3CN at 300 K. These results are not only consistent with 
dissociation of CH3CN on the NMR time scale, but also require the presence of a small 
21 
 
equilibrium concentration of 5-coordinate 3
2+
 when 3
2+·AN dissolves in methylene 
chloride.  
 
(4) 
 
Figure 6. ORTEP drawing of 3
2+·AN with 50% probability thermal ellipsoids. Hydrogen 
atoms and counterions were omitted, and the mesityl ring on N1 was truncated for clarity. 
 
The chemical shift of  2.17 observed in the 1H NMR of 32+·AN is the weighted 
average of the bound nitrile and the small but significant concentration of dissociated 
ligand. The 
1
H NMR of a 40/60 mixture of 3
2+
·AN and 3
2+
 in CD2Cl2 exhibits a 
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resonance at  2.18 for the CH3CN protons. The slight change in chemical shift is due to 
the reduced concentration of free CH3CN, which was in turn caused by the shift in 
equilibrium position (eq 4) in the presence of large concentrations of the 5-coordinate 
complex. 
 
2.2.3 General Trends in Redox Behavior and DFT Modeling of Electrochemistry 
The structures and relative stability of compounds 1, 2, and 3 in various stages of 
oxidation and reduction were probed using density functional theory (DFT) calculations 
to better understand the nature of the electronic structures before and after the 
electrochemical events.  
Most previously reported electrochemical investigations of transition metals 
bearing the [N3] ligand have focused on first-row metals such as iron, copper, cobalt, and 
nickel.
18-22
 Batista and co-workers reported a procedure for determining electrochemical 
potentials from the free energy difference calculated between a neutral species and the 
oxidized form optimized in vacuum, then corrected for the energy of solvation.
22-25
 The 
calculated free energy differences are then related to electrochemical potentials by 
calibration against the calculated and experimental potentials for a known compound. 
They also show the importance of using a standard containing a transition metal in the 
same row as the compounds to be studied. We employed a similar strategy, albeit by 
comparing the free energies of the species optimized “in solvent” that is, both the neutral 
and oxidized forms were geometry-optimized, and the frequency calculations were 
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performed using the Polarizable Continuum Model (PCM) of solvation. The Batista 
group used (bipy)3Ru
2+/3+
 as the second-row standard for calibrating the electrochemical 
potentials against the calculated free energy differences, although they found it necessary 
to include specific counterion interactions with these di- and tricationic species. The 
charges and ligands on the compounds in the present study are quite different from 
(bipy)3Ru
2+/3+
; thus, the calibration was performed using the reduction of dicarbonyl 
derivative 1
−/0
.
26
  
DFT calculations were performed at the B3LYP
27
 level of theory employing the 
6-31G(d,p)
28
 basis set for the nonruthenium atoms and the quasi-relativistic small-core 
SDD pseudopotential and [6s5p3d] contracted valence basis set
29
 and ECPs for Ru, 
supplemented with two 4f-type and one 5g-type functions as described by Martin and 
Sundermann.
30
 Geometry optimizations and frequency calculations were carried out 
using the PCM solvation model with acetonitrile as solvent. No stable open-shell singlet 
or broken symmetry wave functions were found for these 5-coordinate second-row 
transition metals, and all attempts to identify such unrestricted wave functions converged 
to restricted solutions. The calculated geometries are generally in good agreement with 
the solid state structures; bond distances within the [N3] ligands deviate by less than 
0.011 Å, although the calculated Ru–ligand distances are generally longer than the 
experimental values by 0.03 – 0.06 Å. The intraligand distances will be discussed in 
detail below. Selected distances for the bis(phosphine) complexes are shown in Table 1.  
24 
 
Calculated electrochemical potentials for the various processes are tabulated in 
Table 2 and shown graphically in Figure 7 as a plot of calculated potentials versus the 
experimental values. Overall, the calculated potentials are consistent with the trends 
expected based on the electron-withdrawing or -donating nature of the strong-field 
coligands; that is, species with more -acids are easier to reduce and harder to oxidize. 
Furthermore, there is excellent agreement between theory and experiment, with the 
notable exception of the oxidation of 3
+
 to 3
2+
, which is calculated to be 674 mV higher 
than the first oxidation or 484 mV higher than actually observed. The next largest 
deviation is only 207 mV, and the average deviation (excluding the outlier) is 129 mV.  
 
 
Figure 7. Measured potentials vs DFT calculated potentials. 
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2.2.4 Nature of the Oxidation of 3
+
 to 3
2+
  
Although it is possible that the second oxidation wave observed in the CV of the 
bis(phosphine) complex 3 corresponds simply to the oxidation of 3
+
 to 3
2+
, the significant 
deviation of the calculated from the experimental values suggests alternative processes 
should be considered. One possible explanation for the two closely spaced waves in the 
oxidation of 3 would be a radical–substrate dimerization process.31,32 In this type of ECE 
mechanism, a cation formed by oxidation reacts rapidly with a nearby neutral complex to 
form a dimer carrying a single positive charge. Subsequent oxidation of the cationic 
dimer requires a greater potential, giving rise to the second wave in the CV. For example, 
Geiger and co-workers studied this phenomenon extensively in the oxidation of 
CpCo(CO)2 and were the first to observe an intermediate radical–substrate adduct, 
[Cp2Co2(CO)4]
+
, in the oxidation of an organometallic complex.
33
 The oxidation of the 
cationic intermediate was observed at an ~100 mV higher potential, similar to the 
separation of the features observed in the oxidation of 3. Geiger established the radical–
substrate mechanism for the cobalt system on the basis of the effects of concentration and 
scan rate on the shape of the oxidation features.
33,34 
In the present case, the oxidation 
features for 3 show no significant dependence on either concentration or scan rate. More 
significantly, the two waves resulting from a radical–substrate mechanism would 
correspond to the net removal of only one electron per neutral starting complex. Thus, 
this mechanism is excluded and the intermediacy of mononuclear 3
+
 established on the 
basis of the CV and DPV of isolated 3
+
[BAr
F
4]. The CV of isolated 3
+
 (a) is identical to 
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that of 3, and (b) exhibits an OCP between the two oxidation waves. In addition, scanning 
anodically from the OCP of 3
+
 still exhibits the second oxidation feature in the absence of 
any source of neutral 3. Finally, the DPV measured against an internal ferrocene standard 
establishes that each of the two waves correspond to full 1-e
−
 oxidation events, and thus 
combined result in a 2-e
−
 oxidation of the neutral ruthenium complex.  
Other ECE processes involving the coordination of electrolyte
35,36
 or solvent
37
 can 
also be considered. On the one hand, electrolyte coordination is easily excluded as the 
CV is essentially unchanged when [TBA][PF6] is replaced with [NPr4][BAr
F
4], a very 
weakly-coordinating electrolyte. On the other hand, active participation of the acetonitrile 
solvent is strongly implicated by the dramatically different CV of 3 observed in THF. 
Ogino and co-workers have previously established an ECE mechanism involving 
acetonitrile coordination for the stepwise two-electron oxidation of a ruthenocene 
derivative.
37
 An analogous mechanism for the oxidations of 3 is shown in Scheme 2. 
Oxidation of 3 to 3
+
 would be followed by rapid and reversible coordination of CH3CN to 
form 3
+·AN. Subsequent oxidation would lead directly to the 6-coordinate, 18 e− dication, 
3
2+·AN. The involvement of 3+·AN is strongly supported by DFT calculations indicating 
that coordination of acetonitrile lowers the second oxidation potential by 463 mV to 
−1.10 V, closely matching the observed value of −1.12 V relative to ferrocene. 
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Scheme 1. Proposed ECE Mechanism for the Stepwise 2 e
–
 Oxidation of 3 Involving 
CH3CN Coordination. 
 
 
Additional support for this mechanism can be found in the properties of isolated 
3
2+
[BAr
F
4]2 and 3
2+·AN[BArF4]2 in solution. The proposed ECE mechanism requires 
reversible addition of solvent CH3CN to 3
+
 and strongly implies this addition is rapid on 
the electrochemical time scale. The 
1
H NMR spectroscopic measurements (vide supra) 
give evidence for the lability of CH3CN from the isolated 3
2+·AN[BArF4]2. Although the 
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intermediate 3
+·AN was not isolated, given the lability of the dication, it is reasonable to 
infer that CH3CN should also be labile in the more electron rich monocationic species.  
 
2.2.5 Electronic Structure of [N3]Ru(PMe3)2
n
 Complexes 
The HOMO and lowest unoccupied molecular orbital (LUMO) for neutral 
bis(phosphine) complex 3 are shown in Figure 8. The comparable orbitals for the reduced 
and oxidized species (3
−
, 3
+
, and 3
2+
) are essentially identical in appearance to those in 
Figure 8. That is, addition and removal of electrons from neutral 3 leaves the ordering 
and composition of the frontier orbitals largely the same, with changes in only the 
number of electrons and orbital energies. On the one hand, the LUMO of neutral complex 
3 is strongly localized on the [N3
Mes
] ligand (92 %), and it is not surprising that reduction 
to 3
−
 places an electron into a singularly occupied molecular orbital (SOMO) similarly 
localized; that is, the reduction is largely based on the [N3] ligand. On the other hand, the 
HOMO of neutral 3 is significantly delocalized over the *-system of the [N3
Mes
] ligand 
(62 %), the Ru dz
2
 orbital (29 %), and the PMe3 ligands (9 %). Oxidation of 3 to 3
+
 yields 
a SOMO that retains a similar contribution from the [N3
Mes
] ligand (64 %). Thus, the 
oxidation is neither purely ligand nor metal-based, but reflects the high degree of 
covalency in the bonding. Similarly, further oxidation yields a LUMO in 3
2+
 that is also 
essentially identical to the original HOMO of neutral 3, and a new HOMO that resembles 
the original HOMO-1; there is very little change in the composition of the frontier 
orbitals upon oxidation or reduction. 
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Figure 8. HOMO (left, 62% [N3] ligand) and LUMO (right, 92% [N3] ligand) of neutral 
complex 3. 
 
However, the frontier orbital energies of 3 change significantly with reduction 
and oxidation, as illustrated in Figure 9. As expected, the frontier energies steadily 
decrease with increasing positive charge on the complex, consistent with the increasing 
oxidation potentials. However, the SOMO energy in 3
+
 increases significantly upon 
coordination of CH3CN to form the 6-coordinate, “19 e
−” cation, 3+·AN, and now closely 
resembles the SOMO in the 5-coordinate, “19 e−” anion, 3-, which is ~95% localized on 
the [N3
Mes
] ligand (Figure 10). The dz
2
 orbital – now interacting strongly with both the 
apical PMe3 and the CH3CN ligands – no longer contributes to any of the frontier 
orbitals. Thus, whereas oxidation of the 5-coordinate 3
+
 is from a delocalized SOMO, 
oxidation of 3
+·AN removes an electron from a higher energy orbital that is largely based 
30 
 
on the [N3
Mes
] ligand. This readily explains the facile ECE mechanism observed in the 
CV in acetonitrile. 
 
 
Figure 9. Energy-level diagram of frontier MOs for complex 3 in various stages of 
oxidation, highlighting the increase in SOMO energy in 3
+
 upon coordination of CH3CN. 
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Figure 10. Change in SOMOs upon coordination of CH3CN to 3
+
. 
 
2.2.6 Analysis of Charge Distribution in [N3]Ru(PMe3)2
n
 Complexes  
The question of how charge and electron density are distributed among atoms or 
groups in a molecule has been a fundamental issue in chemistry since the early 20
th
 
century.
38-41
 Furthermore, attempts to assign formal oxidation states to atoms date back 
nearly as long, and remain contentious to this day.
42-44
 The Ru bis(phosphine) complexes 
reported here constitute a series of four isostructural molecules that present an 
opportunity to examine changes in charge distribution upon sequential removal or 
addition of electrons from a single complex. 
A variety of techniques have been employed to probe electron distribution, 
including comparative analysis of geometric parameters,
12
 spectroscopic methods such as 
Mössbauer and infrared spectroscopies,
19
 and various methods to assign electron 
densities from DFT calculations to specific atoms or groups.
44
 Mössbauer spectroscopy is 
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not applicable to ruthenium, and more advanced probes of charge at the metal such as X-
ray absorption near-edge structure (XANES) are not readily available. Wolczanski has 
proposed Charge Distribution via Reporters (CDVR) as a novel method to “flip” the 
oxidation state formalism to analyze charge distribution with metal complexes.
43
 This 
interesting approach requires assigning a constant reference oxidation state for each metal 
to interrogate charge distribution in the ligands. This is most easily accomplished by 
analyzing IR stretching frequencies of carbon monoxide ligands. Overall, Wolczanski 
makes a very compelling case that the formal oxidation state for a given transition metal 
is largely constant across a wide range of complexes. The bis(phosphine) complexes 
under consideration here do not contain ligands amenable to such spectroscopic 
interrogation, but structural analysis of bond distances in the [N3] ligands can be 
employed as an alternative. 
In terms of computational methods, the most common analysis of electron 
distribution employed involves the use of Mulliken populations. However, Weinhold and 
Landis have argued the superiority of Natural Bond Orbital (NBO) analysis and Natural 
Charges as a means to quantify localized charge.
41,44-46
 Both methods have been met with 
varying amounts of criticism, but remain in common usage.
47,48
 It is well-known that 
absolute charge distributions and oxidation-state assignments are inherently dependent on 
the method used for the analysis.
43,49-51
 Remarkable consistency is observed, however, for 
the changes of fragment charges upon oxidation of 3 using both structural analysis and 
computational methods. 
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In terms of structural analyses of charge distribution, several researchers have 
found examination of imine C=N and imine-pyridine C–C bond lengths to be a useful 
metric indicating the amount of electron transfer to the [N3] ligand.
12,50
 Increasing 
positive charge on the complex decreases electron density in the complexes overall, and 
as expected, lower electron density on the [N3] ligand results in shorter C=N bond and 
longer CIm–CPy bond distances (Table 1). Gambarotta and co-workers summarized the 
variation in key [N3] bond lengths as a function of electron transfer from the metal.
12 
With a rubric derived from their review of the subject, the charge on the [N3] ligands in 3, 
3
+
, and 3
2+
 can be correlated more quantitatively and compared with charges determined 
using Mulliken and Natural Charges (Table 3).
52
 This structural analysis suggests charge 
on the [N3] ligand in neutral 3 is −1.74, decreasing to −1.17 and −0.56 in 3
+
 and 3
2+
, 
respectively. Not unexpectedly, the calculated Natural Charges on the [N3] ligand differ 
in magnitude, but exhibit the same trend: −0.66, −0.04, and +0.67, respectively. The 
anion, 3
−
, was not isolated, but calculated [N3] charges are also shown in Table 3.  
Although the structural and computational methods differ in the absolute charge 
distributions, the methods yield remarkably similar values for the change on the [N3] 
ligand with each oxidation, as shown in the shaded columns in Table 3. Furthermore, the 
charges derived from the structural method and natural charges change in rough 
accordance to the orbital composition, consistent with the small changes in frontier 
orbitals described previously. The HOMO on 3 is 62% localized on the [N3] ligand,
53
 and 
oxidation to 3
+
 leads to a +0.57 increase in charge on the ligand by the structural method, 
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with similar changes of +0.62 predicted with Natural Charges and +0.55 using Mulliken 
charges. The different methods are also consistent in predicting a +0.6 to +0.7 change in 
charge on [N3] during the oxidation of 3
+
 to 3
2+
. 
Simple algebraic considerations require the predicted charge of −1.74 (or −0.66) 
on the [N3] ligand in 3 be balanced by a charge of +1.74 (or +0.66) in the Ru(PMe3)2 
moiety, but the partitioning of charge between the metal and phosphines cannot be 
elucidated without some other experimental measurement. One alternative solution is to 
assign a reference oxidation state to the ruthenium, as recently advocated by Wolczanski 
in the CDVR method. Using the suggested reference state of Ru(II) would imply the two 
PMe3 ligands carry a total charge of −0.26, which seems contrary to the expectation of 
strongly Lewis basic character from a Valence Bond perspective. Rather than contend 
with the ambiguities associated with assigning absolute charges within individual 
complexes, we prefer to focus on the change in charge distribution in the ruthenium 
phosphine complexes during oxidation.  
The change in Natural Charges upon oxidation largely agrees with that predicted 
by the structural method. This observation gives some confidence in the use of computed 
charges to examine the change in charges on the Ru atom and PMe3 ligands upon 
oxidation. The data in Table 4 show the natural charges apportioned to the molecular 
fragments: the [N3] ligand, the Ru center, and the pair of PMe3 ligands. As in Table 3, the 
most important data in Table 4 are the (charge), shown in the shaded columns. Although 
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the following discussion focuses on the Natural Charges determined using NBO6, 
analysis of the Mulliken charges gives a similar result.  
Oxidation of 3, that is, removing 1 e
−
, changes the charge on the [N3] ligand by 
0.62 e
−
 and on the two PMe3 ligands by 0.25 e
−
. In contrast, the charge on the ruthenium 
changes by only 0.13 e
−
. Similarly, oxidation of 3
+
 to 3
2+
 changes the charge on Ru by 
only 0.09 e
−
. Overall, removal of three full electrons in going from 3
−
 to 3
2+
 results in 
only 0.28 e
−
 change on the Ru center. Viewed a slightly different way, the phosphine and 
[N3] ligands donate increasingly greater electron density to Ru as electrons are removed 
from the complex, essentially maintaining a constant charge at the metal. Thus, without 
suggesting a specific reference oxidation state for Ru, these observations support the idea 
that electron density at transition metals is remarkably insensitive to oxidation of the 
complex overall. 
Wieghardt and co-workers have previously reported that electrochemical 
oxidation of a variety of metal complexes of o-iminobenzosemiquinonate radicals results 
in essentially no change in the metal spectroscopic oxidation state, and they attribute this 
to open-shell electronic structures available to the highly redox-active ligands.
54
 Chirik 
described similar behavior in [N3]CoN2 systems over three oxidations where the 
spectroscopic oxidation state of the metal remains Co(I).
55
 Chirik
56
 has also shown 
formally [N3]Fe(0) compounds to exhibit [N3] metrical parameters of doubly reduced 
ligand implicating the “true” Fe(II) nature of the metal consistent with that described by 
Wolczanski.
43
 The [N3]Fe(CO)2 system investigated by Chirik also showed limited 
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change in the Fe oxidation state comparing the anionic species to the cationic species.
19
 
The [N3] ligand in this system is described as changing from a diradical dianion to a 
closed shell neutral ligand allowing for the Fe to only experience a formal change of 
oxidation state by 1 throughout this series, although ambiguity surrounds the electronic 
structures described despite the thorough spectroscopic investigation. In the present case, 
there is no evidence for open-shell singlet character in 5-coordinate ruthenium complex 
3, and the degree of spin density on the [N3] ligand in 3
+
 suggests no significant change 
in the electronic structure resulting from oxidation. Thus, the near constancy of the metal 
charge in 3
—
, 3, 3
+
, and 3
2+
 can be simply attributed to the variability of traditional - and 
-donor/acceptor properties of the [N3] and phosphine ligands in these more covalent 
complexes. 
 
2.3 Conclusions 
Complexes 1, 2, and 3 exhibit reversible one-electron oxidations and reductions at 
potentials that trend as expected based on the electron-donating or -withdrawing 
tendencies of the CO and PMe3 coligands. The more electron donating groups ease 
oxidation while making reduction more difficult. The electrochemical potentials are 
modeled extremely well by DFT calculations, including the unexpectedly facile second 
oxidation of bis(phosphine) complex 3, which results from an ECE process involving 
coordination of solvent CH3CN. DFT calculations on the proposed intermediate, 3
+·AN, 
reveal that coordination of CH3CN removes participation of the Ru dZ
2
 orbital from the 
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frontier MOs, significantly raising the SOMO energy and lowering the oxidation 
potential.  
The relevant complexes 3
+
, 3
2+
, and 3
2+·AN were synthesized, isolated, and 
characterized. Analysis of the geometrical parameters in conjunction with DFT 
calculations also highlights the relatively small change in electron density at the metal 
center in four isostructural complexes spanning three 1-e
−
 oxidation processes. This 
constancy in charge at the metal reflects the pronounced response of electron donation 
from the [N3] and phosphine co-ligands upon oxidation of the complexes, and further 
illustrates the limitations of classifying complexes by formal oxidation state at the metal 
center. 
 
2.4 Experimental Section 
2.4.1 General Methods 
All manipulations were performed in Schlenk-type glassware on a dual-manifold 
high vacuum line or a nitrogen-filled Vacuum Atmospheres glovebox. 
1
H NMR spectra 
were obtained at 360 and 400 MHz on Bruker DMX-360 and AVIII-400 FT NMR 
spectrometers. 
13
C{
1
H} NMR spectra were recorded with GARP 
1
H decoupling at 125.8 
MHz on a Bruker AVIII FT NMR spectrometer. 
31
P{
1
H}NMR spectra were recorded 
with broad-band 
1
H decoupling at 145.8 and 162.0 MHz on Bruker DMX-360 and AVIII-
400 FT NMR spectrometers. All NMR spectra were recorded at 300 K unless stated 
otherwise. Chemical shifts are reported relative to tetramethylsilane for 
1
H and 
13
C 
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spectra and external 85% H3PO4 for 
31
P resonances. The temperature of the NMR probe 
for VT experiments was calibrated against methanol (estimated error 0.3 K). EPR spectra 
were recorded by a Bruker Elexsys E500 spectrometer at X-band (9.4 GHz) using an 
Oxford Instrument ESR900 helium flow cryostat. Elemental analyses were performed by 
Robertson Laboratory, Inc. (Ledgewood, NJ). Hydrocarbon solvents were dried over 
Na/K alloy-benzophenone. Acetonitrile and methylene chloride were dried over CaH2. 
Benzene-d6 was dried over Na/K alloy-benzophenone and CD3CN and CD2Cl2 were 
dried over CaH2. CO and C2H4 (Airgas) were used as received. PMe3 (Alfa Aesar) and 
HSiEt3 (Aldrich) were dried over sieves. [Ru(p-cymene)Cl2]2,
57
 [N3
Mes
],
9
 NaBAr
F
4,
58
 and 
NPr4BAr
F
4
59
 were synthesized according to the literature procedures. Compounds 
[N3
Mes
]RuCl2(C2H4),
60
 [N3
Mes
]Ru(CO)2,
17
 [N3
Mes
]Ru(CO)(PMe3),
17
 and 
[N3
Mes
]Ru(PMe3)2
17
 were synthesized in analogy to their xylyl derivatives according to 
the literature procedures.  
2.4.2 Electrochemistry 
Voltammetry experiments (CV and DPV) were performed using a CH 
Instruments 620D Electrochemical Analyzer/Workstation and the data were processed 
using CHI software v 14.08. All experiments were performed in an N2 atmosphere 
drybox using electrochemical cells that consisted of a 4 mL vial, glassy carbon (3 mm 
diameter) working electrode, a platinum wire counter electrode, and a silver wire plated 
with AgCl as a quasi-reference electrode. The working electrode surfaces were polished 
prior to each set of experiments, and were periodically replaced to prevent the build-up of 
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oxidized product on the electrode surfaces. Potentials were reported versus ferrocene 
(Cp2Fe), for calibration at the end of each run. Solutions employed for electrochemical 
studies were ~1.5 mM in analyte and 0.15 M in [TBA][PF6] or [NPr4][BAr
F
4] as the 
electrolyte. All data were collected in a positive-feedback IR compensation mode. Scan 
rate dependences of 25–1000 mV s−1 were performed to determine electrochemical 
reversibility. 
2.4.3 DFT Calculations 
All calculations were performed using the Gaussian09
61
 package of programs at 
the B3LYP
27
 level of theory employing the 6-31G(d,p) basis set
28
 for C, H, and N atoms 
and the quasi-relativistic small-core SDD pseudopotential and [6s5p3d] contracted 
valence basis set
29
 for Ru, supplemented with two 4f-type and one 5g-type functions as 
described by Martin and Sundermann.
30
 Geometry optimizations and frequency 
calculations were carried out using the PCM solvation model with acetonitrile as solvent. 
Calculated energy minima for optimized geometries were confirmed as stationary points 
by the absence of imaginary vibrational modes in a subsequent frequency calculation. No 
open-shell singlet or broken symmetry wave functions were found to be stable for these 
5-coordinate second row transition metal complexes. All wave functions derived from 
single point energy calculations were confirmed to exhibit no restricted-unrestricted or 
internal instabilities.
62
 All attempts to identify such unrestricted wave functions 
converged to restricted solutions. 
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2.4.4 Synthetic Details and Characterization 
Synthesis of 3
+
[BAr
F
4]. A solution of [Cp2Fe][BAr
F
4] (0.189 g, 0.180 mmol) in 
Et2O (10 mL) was added dropwise to a stirring solution of 3 (0.117 g, 0.180 mmol) 
dissolved in Et2O (12 mL.) The mixture was stirred for one hour, then 20 mL hexanes 
were added, and the total volume was reduced to ~10 mL. The resulting precipitate was 
filtered to give 0.237 g of brown-red powder (87% crude yield). This powder was then 
recrystallized by layering cyclohexane onto a concentrated Et2O solution of 3
+
[BAr
F
4], 
yielding 0.169 g of dark red crystals (62% purified yield). 
1
H NMR (THF-d8):  7.79 (s, 
8H, BAr
F
4-Ho), 7.57 (s, 4H, BAr
F
4-Hp.) In addition, very broad peaks were found at ~6 
and -3 with a ~700 Hz fwhm.  
Alternate Synthesis of 3
+
[BAr
F
4]. A solution of 3 (0.046 g, 0.707 mmol) and 
3
2+
[BAr
F
4]2 (0.166 g, 0.698 mmol) in 5 mL of 1,2-difluorobenzene was stirred for 30 
minutes. The product was recrystallized in Et2O/pentane giving fine dark red needles 
(81% yield). Repeated recrystallizations from THF/pentane yielded larger crystals, 
although satisfactory elemental analyses were not obtained after multiple attempts. Anal. 
Calcd. for C65H61B F24N3P2Ru: C, 51.57; H, 4.06; N, 2.78. Found: C, 50.41; H, 3.62; N, 
2.83. 
Synthesis of 3
2+
[BAr
F
4]2. PMe3 (0.050 g, 0.650 mmol) was vacuum transferred 
into a CH2Cl2 solution (15 mL) of [N3
Mes
]RuCl2(C2H4) (0.195 g, 0.326 mmol) and 
[Na][BAr
F
4] (0.579 g, 0.653 mmol). The solution was stirred overnight at 65 °C. Solvent 
was removed by vacuum and the residues were triturated with pentane. The product was 
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recrystallized in CH2Cl2 with slow and gradual cooling to −45 °C yielding 0.559 g (72% 
yield) of 3
2+
[BAr
F
4]2 as orange-red plates. 
1
H NMR (CD2Cl2):  8.41 (t, 
3
JHH = 7.7 Hz, 
1H, Py-Hp), 8.25 (d, 
3
JHH = 7.9 Hz, 2H, Py-Hm), 7.71 (br. s., 16H, BAr
F
4-Ho), 7.56 (s, 8H, 
BAr
F
4-Hp), 7.04 (s, 2H, Mes-Hm), 7.02 (s, 2H, Mes-Hm), 2.47 (s, 6H, Im-Me), 2.31 (s, 6H, 
Mes-Mep), 2.01 (s, 6H, Mes-Meo), 1.49 (s, 6H, Mes-Meo), 1.12 (d, 
2
JPH = 11.1 Hz, 9H, 
PMe3), 0.84 (d, 
2
JPH = 8.4 Hz, 9H, PMe3).
 13
C{
1
H} NMR (126 MHz, CD2Cl2):  185.86 
(d, 
3
JPC = 1.8 Hz, 2C, C=N), 162.27 (q, 
1
JBC = 50.0 Hz, 8C, B-C), 160.23 (s, 2C, Py-Co), 
146.39 (s, 2C, Mes-C-N), 142.19 (s, 2C, Mes-Co), 140.46 (s, 2C, Mes-Co), 135.34 (br s, 
16C, BAr
F
4-Co), 132.19 (s, 2C, Py-Cm), 131.33 (s, 2C, Mes-Cm), 129.32 (s, 2C, Mes-Cm), 
129.41 (qq, 
2
JCF = 31.8 Hz, 
4
JCF = 2.7 Hz, 16C, BAr
F
4-Cm), 126.94 (s, 2C, Mes-Cp), 
126.43 (s, 1C, Py-Cp), 125.13 (q, 
1
JCF = 272.5 Hz, 16C, BAr
F
4-CF3), 118.06 (spt, 
3
JCF = 
3.6 Hz, 8C, BAr
F
4-Cp), 21.48 (s, 2C, Im-Me), 20.97 (s, 2C, Mes-Mep), 20.26 (s, 2C, Mes-
Meo), 19.64 (s, 2C, Mes-Meo), 18.81 (dd, 
1
JPC = 37.0 Hz, 
3
JPC = 1.8 Hz, 3C, PMe3), 16.15 
(d, 
1
JPC = 30.9 Hz, 3C, PMe3). 
31
P{
1
H} NMR (146 MHz, CD2Cl2):  38.43 (d, 
2
JPP = 37.2 
Hz, 1P, PMe3), −0.86 (d, 2JPP = 37.2 Hz, 1P, PMe3). Satisfactory elemental analyses 
were not obtained. Anal. Calcd. for C97H73B2F48N3P2Ru: C, 49.01; H, 3.10; N, 1.77. 
Found: C, 47.52; H, 2.70; N, 1.72. 
Synthesis of 3
2+·AN[BArF4]2. A CH3CN solution (5 mL) of 3
2+
[BAr
F
4]2 (0.201 g, 
0.085 mmol) was stirred for 15 minutes at room temperature. The solution was stripped 
and the residues were recrystallized from 1:1 CH2Cl2/pentane at room temperature over 3 
days. The solution was further chilled slowly to −78 °C yielding 0.166 g of orange-
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yellow 3
2+·AN[BArF4]2 (81% yield). 
1
H NMR (CD2Cl2)  8.29 (m, 1H, Py-Hp), 8.21 (d, 
3
JHH = 7.5 Hz, 2H, Py-Hm), 7.71 (br. s., 16H, BAr
F
4-Ho), 7.55 (br. s., 8H, BAr
F
4-Hp), 6.99 
(s, 2H, Mes-Hm), 6.95 (s, 2H, Mes-Hm), 2.45 (s, 6H, Im-Me), 2.26 (s, 6H, Mes-Mep), 2.16 
(s, 3H, CH3CN), 2.03 (s, 6H, Mes-Meo), 1.89 (s, 6H, Mes-Meo), 0.99 (d, 
2
JPH = 8.4 Hz, 
9H, PMe3), 0.72 (d, 
2
JPH = 8.2 Hz, 9H, PMe3). 
31
P{
1
H} NMR (146 MHz, CD2Cl2)  -3.12 
(d, 
2
JPP = 30.6 Hz, 1P, PMe3), −12.22 (d, 
2
JPP = 30.6 Hz, 1P, PMe3). Anal. Calcd. for 
C99H76B2 F48N4P2Ru: C, 49.17; H, 3.17; N, 2.32. Found: C, 48.93; H, 3.08; N, 2.39. 
VT 
31
P{
1
H} NMR of 3
2+·AN[BArF4]2. 
31
P{
1
H} NMR(162 MHz, CD2Cl2, 244 K): 
 -2.41 (d, 2JPP = 32.4 Hz, 1P, PMe3), -11.31 (d, 
2
JPP = 30.8 Hz, 1P, PMe3); (162 MHz, 
CD2Cl2, 256 K):  -2.57 (d, 
2
JPP = 30.8 Hz, 1P, PMe3), -11.52 (d, 
2
JPP = 32.4 Hz, 1P, 
PMe3); (162 MHz, CD2Cl2, 268 K):  -2.73 (d, 
2
JPP = 30.8 Hz, 1P, PMe3), -11.72 (d, 
2
JPP 
= 32.4 Hz, 1P, PMe3); (162 MHz, CD2Cl2, 279 K):  -2.88 (br d, 
2
JPP = 30.8 Hz, 1P, 
PMe3), -11.90 (br d, 
2
JPP = 32.4 Hz, 1P, PMe3); (162 MHz, CD2Cl2, 291 K):  -3.02 (br 
d, 
2
JPP = 32.4 Hz, 1P, PMe3), -12.06 (br d, 
2
JPP = 32.4 Hz, 1P, PMe3); (162 MHz, CD2Cl2, 
304 K):  -3.12 (vbr d, 1P, PMe3), -11.20 (br d, 
2
JPP = 32.4 Hz, 1P, PMe3); (162 MHz, 
CD2Cl2, 315 K):  -3.16 (vbr d, 1P, PMe3), -12.31 (br d, 
2
JPP = 30.8 Hz, 1P, PMe3). 
VT 
1
H NMR of a Mixture of 3
2+
[BAr
F
4]2 and 3
2+·AN[BArF4]2. A NMR tube 
was loaded with a CD2Cl2 solution (0.4 mL) of 3
2+
[BAr
F
4]2 (4 mg, 0.00166 mmol) and 
3
2+·AN[BArF4]2 (4 mg, 0.00146 mmol), degassed in vacuo, and sealed with a torch. 
1
H 
NMR(400 MHz, CD2Cl2, 268 K):  8.42 (t, 
3
JHH = 8.0 Hz, 1H, Py-Hp), 8.30 (t, 
3
JHH = 8.0 
Hz, 1H, Py-Hp), 8.25 (d, 
3
JHH = 8.6 Hz, 2H, Py-Hm), 8.23 (d, 
3
JHH = 9.1 Hz, 2H, Py-Hm), 
43 
 
7.71 (s, 32H, BAr
F
4-Ho), 7.55 (s, 16H, BAr
F
4-Hp), 7.02 (s, 2H, Mes-Hm), 7.00 (s, 2H, 
Mes-Hm), 6.99 (s, 2H, Mes-Hm), 6.94 (s, 2H, Mes-Hm), 2.47 (s, 6H, Im-Me), 2.46 (s, 6H, 
Im-Me), 2.29 (s, 6H, Mes-Mep), 2.25 (s, 6H, Mes-Mep), 2.18 (s, 3H, CH3CN), 2.03 (s, 
6H, Mes-Meo), 1.99 (s, 6H, Mes-Meo), 1.89 (s, 6H, Mes-Meo), 1.46 (s, 6H, Mes-Meo), 
1.10 (d, 
2
JPH = 11.0 Hz, 9H, PMe3), 0.99 (d, 
2
JPH = 8.4 Hz, 9H, PMe3), 0.81 (d, 
2
JPH = 8.4 
Hz, 9H, PMe3), 0.69 (d, 
2
JPH = 8.3 Hz, 9H, PMe3); (400 MHz, CD2Cl2, 279 K):  8.42 (br 
t, 
3
JHH = 7.6 Hz, 1H, Py-Hp), 8.30 (vbr t, 1H, Py-Hp), 8.25 (br d, 
3
JHH = 7.1 Hz, 2H, Py-
Hm), 8.23 (br d, 
3
JHH = 6.8 Hz, 2H, Py-Hm), 7.71 (s, 32H, BAr
F
4-Ho), 7.55 (s, 16H, BAr
F
4-
Hp), 7.03 (br s, 2H, Mes-Hm), 7.00 (br s, 4H, Mes-Hm), 6.95 (br s, 2H, Mes-Hm), 2.47 (s, 
12H, Im-Me), 2.30 (br s, 6H, Mes-Mep), 2.26 (br s, 6H, Mes-Mep), 2.18 (s, 3H, CH3CN), 
2.03 (br s, 6H, Mes-Meo), 2.00 (br s, 6H, Mes-Meo), 1.90 (br s, 6H, Mes-Meo), 1.47 (br s, 
6H, Mes-Meo), 1.11 (br d, 
2
JPH = 11.0 Hz, 9H, PMe3), 1.00 (br d, 
2
JPH = 7.8 Hz, 9H, 
PMe3), 0.82 (br d, 
2
JPH = 8.1 Hz, 9H, PMe3), 0.71 (br d, 
2
JPH = 7.5 Hz, 9H, PMe3); (400 
MHz, CD2Cl2, 291 K):  8.41 (vbr s, 1H, Py-Hp), 8.30 (vbr t, 1H, Py-Hp), 8.24 (br d, 
3
JHH 
= 7.6 Hz, 4H, Py-Hm), 7.71 (s, 32H, BAr
F
4-Ho), 7.55 (s, 16H, BAr
F
4-Hp), 7.01 (vbr s, 4H, 
Mes-Hm), 2.47 (s, 12H, Im-Me), 2.29 (br s, 12H, Mes-Mep), 2.18 (s, 3H, CH3CN), 2.02 
(br s, 12H, Mes-Meo), 1.90 (vbr s, 6H, Mes-Meo), 1.48 (vbr s, 6H, Mes-Meo), 1.10 (vbr s, 
9H, PMe3), 1.02 (vbr s, 9H, PMe3), 0.82 (vbr s, 9H, PMe3), 0.74 (vbr s, 9H, PMe3); (400 
MHz, CD2Cl2, 303 K):  8.36 (vbr s, 2H, Py-Hp), 8.24 (d, 
3
JHH = 7.9 Hz, 4H, Py-Hm), 
7.71 (s, 32H, BAr
F
4-Ho), 7.56 (s, 16H, BAr
F
4-Hm), 7.02 (br s, 4H, Mes-Hm), 2.47 (s, 12H, 
Im-Me), 2.30 (br s, 12H, Mes-Mep), 2.18 (s, 3H, CH3CN), 2.03 (br s, 12H, Mes-Meo), 
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1.89 (br s, 6H, Mes-Meo), 1.50 (br s, 6H, Mes-Meo), 1.07 (vbr s, 18H, PMe3), 0.79 (vbr s, 
18H, PMe3) 
VT 
31
P{
1
H} NMR of a Mixture of 3
2+
[BAr
F
4]2 and 3
2+·AN[BArF4]2. 
31
P{
1
H} 
NMR(162 MHz, CD2Cl2, 268 K): 39.28 (d, 
2
JPH = 36.9 Hz, 1P, PMe3), -0.34 (d, 
2
JPH = 
36.9 Hz, 1P, PMe3), -2.72 (d, 
2
JPH = 32.3 Hz, 1P, PMe3), -11.70 (d, 
2
JPH = 32.0 Hz, 1P, 
PMe3); (162 MHz, CD2Cl2, 279 K): 39.02 (d, 
2
JPH = 36.7 Hz, 1P, PMe3), -0.49 (d, 
2
JPH 
= 36.1 Hz, 1P, PMe3), -2.87 (d, 
2
JPH = 32.3 Hz, 1P, PMe3), -11.88 (d, 
2
JPH = 32.7 Hz, 1P, 
PMe3); (162 MHz, CD2Cl2, 291 K): 38.77 (br d, 
2
JPH = 37.7 Hz, 1P, PMe3), -0.65 (br d, 
2
JPH = 37.8 Hz, 1P, PMe3), -3.02 (br d, 
2
JPH = 35.0 Hz, 1P, PMe3), -12.06 (br d, 
2
JPH = 
31.7 Hz, 1P, PMe3); (162 MHz, CD2Cl2, 303 K): 38.49 (vbr d, 1P, PMe3), -0.78 (vbr d, 
1P, PMe3), -3.17 (vbr d, 1P, PMe3), -12.29 (vbr d, 1P, PMe3). 
2.4.5 Single-Crystal X-ray Diffraction Analyses 
X-ray intensity data were collected on a MyApex CCD area detector for 
3
2+·AN[BArF4]2 and a Bruker APEXII CCD area detector for all other compounds 
employing graphite-monochromated Mo-K radiation (=0.71073 Å) at a temperature of 
100 K. Rotation frames were integrated using SAINT,
63
 producing a listing of 
unaveraged F
2
 and (F2) values. The intensity data were corrected for Lorentz and 
polarization effects and for absorption using SADABS.
64
 Refinement was by full-matrix 
least squares based on F
2
 using SHELXL-97
65
 for 3
+
[BAr
F
4] and SHELXL-2014/7
65
 for 
3
2+
[BAr
F
4]2 and 3
2+·AN[BArF4]2. All reflections were used during refinement. Non-
45 
 
hydrogen atoms were refined anisotropically and hydrogen atoms were refined using a 
riding model.  
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Table 1. Selected Observed and Calculated (in italics) Bond Distances (Å) in 3
−
, 3, 3
+
, 
3
+
·AN, 3
2+
, and 3
2+
·AN
a
 
Bond 3
− 3
b,19
 3
+
 3
+
·AN 3
2+
 3
2+
·AN 
Ru-NIm - 2.065(2) 2.0833(13) - 2.130(3) 2.157(2) 
  2.154 2.113 2.133 2.206 2.160 2.208 
Ru-NPy - 1.970(2) 1.9770(13) - 2.025(3) 2.005(2) 
  1.995 1.975 1.989 2.017 2.011 2.011 
Ru-PEq - 2.3121(5) 2.3504(4) - 2.3788(10) 2.3969(7) 
  2.356 2.377 2.411 2.435 2.435 2.465 
Ru-PAx - 2.2489(6) 2.2487(4) - 2.2415(11) 2.3770(7) 
  2.251 2.276 2.290 2.416 2.299 2.447 
N=C - 1.352(3) 1.329(2) - 1.304(5) 1.304(3) 
  1.378 1.355 1.334 1.339 1.310 1.309 
CPy-CIm - 1.420(3) 1.444(2) - 1.470(6) 1.478(4) 
  1.405 1.425 1.448 1.442 1.481 1.477 
a
 Numbers in parentheses are estimated standard deviations in the least significant 
digits. Chemically equivalent distances are averaged. 
b
 Observed values are for [N3
Xyl
] 
derivative of neutral 3.
17
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Table 2. Measured Half-cell Potentials vs Cp2Fe 
 Oxidation (V) Reduction (V) 
1 −0.765 −2.170 
2 −1.105 −2.380 
3 −1.310 −2.665 
3
+
·AN −1.120 - 
 
Table 3. Charges Calculated on [N3
Mes
] Ligands by Different Methods. Shaded Rows 
Indicate Change in Charge upon Oxidation 
Method NBO6
a
 Mulliken
b
 Xray
c
 
3
−
 −1.47 −1.08 n/a 
3
−
  3 0.81 0.7 n/a 
3 −0.66 −0.38 −1.74 
3  3+ 0.62 0.55 0.57 
3
+
 −0.04 0.17 −1.17 
3
+
  32+ 0.71 0.63 0.61 
3
2+
 0.67 0.8 −0.56 
3
+
·AN −0.13 −0.01 n/a 
3
2+
·AN 0.71 0.77 −0.46 
a
NBO6 natural charges determined as described by Landis et al.
47
 
b
Mulliken 
calculations determined in Gaussian 09. 
c
Charge calculated with rubric derived from 
Gambarotta and co-workers.
12,52 
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Table 4. Natural Charges on all Fragments. Shaded Rows Indicate Change in Charge 
upon Oxidation 
Fragment Ru (PMe3)2 [N3] CH3CN Sum 
3
−
 −0.01 0.48 −1.47 - −1.00 
3
−
  3 0.06 0.14 0.81 - 1 
3 0.05 0.61 −0.66 - 0 
3  3+ 0.13 0.25 0.62 - 1 
3
+
 0.17 0.87 −0.04 - 1 
3
+
  32+ 0.09 0.21 0.71 - 1 
3
2+
 0.26 1.07 0.67 - 2 
3
+
·AN 0.13 0.83 −0.13 0.18 1 
3
2+
·AN 0.17 0.93 0.71 0.19 2 
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Table 5. Crystallographic information for 3
+
[BAr
F
4] 
Empirical formula  C65BH61N3P2F24Ru 
Formula weight  1513.99 
Temperature  100(1) K 
Wavelength  0.71073 Å 
Crystal system  monoclinic 
Space group  P21/c      
Cell constants:   
a  12.6336(3) Å 
b  21.1336(5) Å 
c  25.1178(7) Å 
 94.9820(10)° 
Volume 6681.0(3) Å3 
Z 4 
Density (calculated) 1.505 Mg/m3 
Absorption coefficient 0.392 mm-1 
F(000) 3068 
Crystal size 0.25 x 0.22 x 0.18 mm3 
 range for data collection 1.62 to 27.61° 
Index ranges -16  h  16, -27  k  27, -32  l  32 
Reflections collected 128822 
Independent reflections 15339 [R(int) = 0.0259] 
Completeness to theta = 27.61° 98.9 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7456 and 0.6733 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 15339 / 0 / 880 
Goodness-of-fit on F2 1.023 
Final R indices [I>2(I)] R1 = 0.0277, wR2 = 0.0675 
R indices (all data) R1 = 0.0343, wR2 = 0.0724 
Largest diff. peak and hole 0.685 and -0.573 e.Å-3 
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Table 6. Bond distances in 3
+
[BAr
F
4] 
Atoms Distance (Å) Atoms Distance (Å) Atoms Distance (Å) 
Ru1-N2  1.9770(13) Ru1-N1  2.0830(13) Ru1-N3  2.0836(13) 
Ru1-P2  2.2487(4) Ru1-P1  2.3504(4) N1-C1  1.328(2) 
N1-C8  1.443(2) N2-C2  1.3646(19) N2-C6  1.368(2) 
N3-C7  1.330(2) N3-C19  1.4480(19) P1-C30  1.8248(18) 
P1-C29  1.8248(19) P1-C28  1.8248(18) P2-C33  1.808(2) 
P2-C31  1.8099(19) P2-C32  1.826(2) C1-C2  1.444(2) 
C1-C17  1.501(2) C2-C3  1.393(2) C3-C4  1.389(2) 
C4-C5  1.392(2) C5-C6  1.391(2) C6-C7  1.443(2) 
C7-C18  1.503(2) C8-C9  1.397(2) C8-C13  1.397(2) 
C9-C10  1.392(2) C9-C14  1.506(2) C10-C11  1.386(3) 
C11-C12  1.384(3) C11-C15  1.508(2) C12-C13  1.392(2) 
C13-C16  1.500(2) C19-C24  1.398(2) C19-C20  1.403(2) 
C20-C21  1.393(2) C20-C25  1.507(2) C21-C22  1.388(2) 
C22-C23  1.385(2) C22-C26  1.511(2) C23-C24  1.391(2) 
C24-C27  1.504(2) B1-C58  1.637(2) B1-C34  1.640(2) 
B1-C50  1.640(2) B1-C42  1.650(2) C34-C35  1.400(2) 
C34-C39  1.406(2) C35-C36  1.392(2) C36-C37  1.384(2) 
C36-C40  1.493(2) C37-C38  1.388(2) C38-C39  1.392(2) 
C38-C41  1.500(2) C40-F2  1.332(2) C40-F3  1.334(2) 
C40-F1  1.335(2) C41-F6  1.318(2) C41-F4  1.328(2) 
C41-F5  1.339(2) C42-C47  1.394(2) C42-C43  1.407(2) 
C43-C44  1.385(2) C44-C45  1.391(2) C44-C48  1.498(2) 
C45-C46  1.384(2) C46-C47  1.398(2) C46-C49  1.497(2) 
C48-F9  1.330(2) C48-F7  1.332(2) C48-F8  1.334(2) 
C49-F12  1.339(2) C49-F10  1.339(2) C49-F11  1.342(2) 
C50-C55  1.399(2) C50-C51  1.402(2) C51-C52  1.393(2) 
C52-C53  1.387(2) C52-C56  1.502(2) C53-C54  1.387(2) 
C54-C55  1.395(2) C54-C57  1.496(2) C56-F15  1.322(2) 
C56-F13  1.327(2) C56-F14  1.333(2) C57-F16  1.3440(19) 
C57-F18  1.3450(19) C57-F17  1.3453(18) C58-C63  1.395(2) 
C58-C59  1.407(2) C59-C60  1.385(2) C60-C61  1.389(2) 
C60-C64  1.499(2) C61-C62  1.379(2) C62-C63  1.396(2) 
C62-C65  1.498(2) C64-F20  1.326(2) C64-F19  1.329(2) 
C64-F21  1.343(2) C65-F22  1.332(2) C65-F24  1.336(2) 
C65-F23  1.337(2)     
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Table 7. Bond angles in 3
+
[BAr
F
4] 
Atoms Angle (°) Atoms Angle (°) Atoms Angle (°) 
N2-Ru1-N1 76.89(5) N2-Ru1-N3 76.81(5) N1-Ru1-N3 148.74(5) 
N2-Ru1-P2 88.34(4) N1-Ru1-P2 97.42(4) N3-Ru1-P2 98.41(4) 
N2-Ru1-P1 171.83(4) N1-Ru1-P1 101.97(4) N3-Ru1-P1 101.65(4) 
P2-Ru1-P1 99.835(16) C1-N1-C8 116.79(13) C1-N1-Ru1 115.64(10) 
C8-N1-Ru1 126.04(10) C2-N2-C6 121.49(13) C2-N2-Ru1 119.32(11) 
C6-N2-Ru1 119.12(10) C7-N3-C19 117.55(13) C7-N3-Ru1 115.41(10) 
C19-N3-Ru1 125.43(10) C30-P1-C29 99.84(9) C30-P1-C28 99.80(9) 
C29-P1-C28 100.79(10) C30-P1-Ru1 120.69(6) C29-P1-Ru1 112.55(6) 
C28-P1-Ru1 119.68(6) C33-P2-C31 101.67(12) C33-P2-C32 102.38(13) 
C31-P2-C32 97.42(10) C33-P2-Ru1 122.11(8) C31-P2-Ru1 115.06(6) 
C32-P2-Ru1 114.56(7) N1-C1-C2 115.17(14) N1-C1-C17 123.71(15) 
C2-C1-C17 120.92(14) N2-C2-C3 119.78(15) N2-C2-C1 112.14(13) 
C3-C2-C1 128.00(15) C4-C3-C2 119.31(15) C3-C4-C5 120.22(15) 
C6-C5-C4 119.26(15) N2-C6-C5 119.71(14) N2-C6-C7 111.93(13) 
C5-C6-C7 128.24(14) N3-C7-C6 115.26(14) N3-C7-C18 124.38(14) 
C6-C7-C18 120.14(14) C9-C8-C13 121.31(15) C9-C8-N1 117.25(14) 
C13-C8-N1 121.44(14) C10-C9-C8 118.16(15) C10-C9-C14 120.02(15) 
C8-C9-C14 121.81(15) C11-C10-C9 122.08(16) C12-C11-C10 118.17(16) 
C12-C11-C15 121.07(18) C10-C11-C15 120.74(18) C11-C12-C13 122.20(16) 
C12-C13-C8 118.07(16) C12-C13-C16 120.68(16) C8-C13-C16 121.24(15) 
C24-C19-C20 120.88(14) C24-C19-N3 121.88(14) C20-C19-N3 117.23(13) 
C21-C20-C19 118.27(15) C21-C20-C25 120.17(15) C19-C20-C25 121.55(14) 
C22-C21-C20 122.05(15) C23-C22-C21 118.10(15) C23-C22-C26 121.10(16) 
C21-C22-C26 120.74(16) C22-C23-C24 122.27(15) C23-C24-C19 118.36(15) 
C23-C24-C27 120.03(15) C19-C24-C27 121.60(14) C58-B1-C34 110.75(12) 
C58-B1-C50 112.51(12) C34-B1-C50 106.74(12) C58-B1-C42 104.42(12) 
C34-B1-C42 113.21(12) C50-B1-C42 109.33(12) C35-C34-C39 115.24(14) 
C35-C34-B1 121.35(13) C39-C34-B1 123.39(13) C36-C35-C34 122.65(15) 
C37-C36-C35 120.78(15) C37-C36-C40 120.47(15) C35-C36-C40 118.75(15) 
C36-C37-C38 117.95(15) C37-C38-C39 121.02(15) C37-C38-C41 118.62(15) 
C39-C38-C41 120.31(16) C38-C39-C34 122.16(15) F2-C40-F3 106.17(16) 
F2-C40-F1 106.02(17) F3-C40-F1 106.38(15) F2-C40-C36 112.50(15) 
F3-C40-C36 113.38(16) F1-C40-C36 111.85(15) F6-C41-F4 107.36(17) 
F6-C41-F5 105.63(19) F4-C41-F5 105.16(16) F6-C41-C38 113.43(15) 
F4-C41-C38 112.85(16) F5-C41-C38 111.80(16) C47-C42-C43 115.40(14) 
C47-C42-B1 126.67(13) C43-C42-B1 117.92(13) C44-C43-C42 122.55(14) 
C43-C44-C45 120.99(15) C43-C44-C48 119.62(15) C45-C44-C48 119.36(15) 
C46-C45-C44 117.64(15) C45-C46-C47 121.09(15) C45-C46-C49 119.96(15) 
C47-C46-C49 118.93(15) C42-C47-C46 122.32(14) F9-C48-F7 106.16(15) 
F9-C48-F8 106.28(15) F7-C48-F8 105.93(15) F9-C48-C44 113.25(15) 
F7-C48-C44 112.66(14) F8-C48-C44 112.02(14) F12-C49-F10 106.81(15) 
F12-C49-F11 105.95(15) F10-C49-F11 105.69(14) F12-C49-C46 112.66(14) 
F10-C49-C46 112.81(15) F11-C49-C46 112.38(15) C55-C50-C51 115.52(14) 
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Atoms Angle (°) Atoms Angle (°) Atoms Angle (°) 
C55-C50-B1 123.14(13) C51-C50-B1 121.32(13) C52-C51-C50 122.19(14) 
C53-C52-C51 121.13(14) C53-C52-C56 120.42(14) C51-C52-C56 118.42(14) 
C52-C53-C54 117.76(14) C53-C54-C55 120.83(14) C53-C54-C57 119.99(14) 
C55-C54-C57 119.17(14) C54-C55-C50 122.49(14) F15-C56-F13 106.64(15) 
F15-C56-F14 106.64(16) F13-C56-F14 105.76(15) F15-C56-C52 113.43(14) 
F13-C56-C52 112.64(14) F14-C56-C52 111.23(14) F16-C57-F18 106.50(13) 
F16-C57-F17 106.73(13) F18-C57-F17 105.81(13) F16-C57-C54 112.69(13) 
F18-C57-C54 112.23(13) F17-C57-C54 112.39(13) C63-C58-C59 115.65(14) 
C63-C58-B1 125.30(14) C59-C58-B1 118.94(13) C60-C59-C58 122.37(15) 
C59-C60-C61 120.69(15) C59-C60-C64 120.37(16) C61-C60-C64 118.84(15) 
C62-C61-C60 118.20(15) C61-C62-C63 120.94(15) C61-C62-C65 120.42(15) 
C63-C62-C65 118.56(15) C58-C63-C62 122.15(15) F20-C64-F19 106.80(17) 
F20-C64-F21 105.75(16) F19-C64-F21 105.86(15) F20-C64-C60 112.35(15) 
F19-C64-C60 113.13(15) F21-C64-C60 112.40(16) F22-C65-F24 106.51(14) 
F22-C65-F23 106.64(16) F24-C65-F23 105.54(14) F22-C65-C62 112.54(14) 
F24-C65-C62 113.27(15) F23-C65-C62 111.82(14)   
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Table 8. Crystallographic information for 3
2+
[BAr
F
4]2 
Empirical formula  C194H146B4N6F96P4Ru2  
Formula weight  4754.42  
Temperature/K  100  
Crystal system  triclinic  
Space group  P1
_
  
a  14.6869(5)Å  
b  26.0961(8)Å  
c  28.4676(9)Å  
 67.551(2)°  
 86.543(2)°  
 88.182(2)°  
Volume  10065.2(6)Å
3
  
Z  2  
dcalc  1.569 g/cm
3
  
  0.324 mm-1  
F(000)  4768.0  
Crystal size, mm  0.3 × 0.23 × 0.05  
2 range for data collection      1.806 - 55.306°  
Index ranges  -19 ≤ h ≤ 19, -33 ≤ k ≤ 33, -37 ≤ l ≤ 37  
Reflections collected  313051  
Independent reflections  46429[R(int) = 0.0998]  
Data/restraints/parameters  46429/915/3069  
Goodness-of-fit on F
2
  1.018  
Final R indexes [I>=2 (I)]  R1 = 0.0633, wR2 = 0.1358  
Final R indexes [all data]  R1 = 0.1252, wR2 = 0.1643  
Largest diff. peak/hole  1.06/-0.90 eÅ
-3
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Table 9. Bond distances in 3
2+
[BAr
F
4]2 
Molecule No. 1 
Atoms Distance (Å) Atoms Distance (Å) Atoms Distance (Å) 
Ru1-N2 2.030(3) Ru1-N1 2.123(3) Ru1-N3 2.144(3) 
Ru1-P2 2.2293(11) Ru1-P1 2.3774(10) P1-C30 1.819(4) 
P1-C28 1.827(4) P1-C29 1.828(5) P2-C32 1.804(4) 
P2-C33 1.809(4) P2-C31 1.811(4) N1-C1 1.304(5) 
N1-C8 1.461(5) N2-C6 1.330(5) N2-C2 1.344(5) 
N3-C7 1.301(5) N3-C19 1.447(5) C1-C2 1.472(6) 
C1-C17 1.487(6) C2-C3 1.387(5) C3-C4 1.391(6) 
C4-C5 1.379(6) C5-C6 1.391(5) C6-C7 1.477(6) 
C7-C18 1.496(6) C8-C9 1.386(6) C8-C13 1.400(6) 
C9-C10 1.389(6) C9-C14 1.511(6) C10-C11 1.394(8) 
C11-C12 1.368(7) C11-C15 1.514(7) C12-C13 1.397(6) 
C13-C16 1.501(6) C19-C24 1.397(6) C19-C20 1.405(5) 
C20-C21 1.396(6) C20-C25 1.499(6) C21-C22 1.385(6) 
C22-C23 1.382(6) C22-C26 1.513(6) C23-C24 1.390(6) 
C24-C27 1.521(6) C34-C35 1.397(5) C34-C39 1.399(5) 
C34-B1 1.645(5) C35-C36 1.390(5) C36-C37 1.377(5) 
C36-C40 1.490(5) C37-C38 1.378(5) C38-C39 1.394(5) 
C38-C41 1.503(5) C40-F1 1.321(5) C40-F3 1.326(4) 
C40-F2 1.328(5) C41-F4 1.335(5) C41-F6 1.336(5) 
C41-F5 1.353(4) C42-C47 1.400(5) C42-C43 1.403(5) 
C42-B1 1.649(6) C43-C44 1.396(5) C44-C45 1.387(5) 
C44-C48 1.484(6) C45-C46 1.373(6) C46-C47 1.381(5) 
C46-C49 1.494(5) C48-F9 1.285(5) C48-F8 1.320(5) 
C48-F7 1.354(5) C49-F12 1.301(5) C49-F11 1.310(5) 
C49-F10 1.371(5) C50-C55 1.401(5) C50-C51 1.410(5) 
C50-B1 1.635(6) C51-C52 1.380(5) C52-C53 1.392(5) 
C52-C56 1.501(5) C53-C54 1.381(5) C54-C55 1.378(5) 
C54-C57 1.500(5) C56-F13 1.326(5) C56-F15 1.333(5) 
C56-F14 1.351(5) C57-F16 1.331(5) C57-F17 1.336(4) 
C57-F18 1.349(4) C58-C63 1.394(5) C58-C59 1.409(5) 
C58-B1 1.632(5) C59-C60 1.387(5) C60-C61 1.383(5) 
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Atoms Distance (Å) Atoms Distance (Å) Atoms Distance (Å) 
C60-C64 1.503(6) C61-C62 1.378(5) C62-C63 1.400(5) 
C62-C65 1.489(5) C64-F20 1.328(5) C64-F21 1.339(5) 
C64-F19 1.345(5) C65-F24 1.327(4) C65-F23 1.328(5) 
C65-F22 1.350(5) C66-C71 1.393(5) C66-C67 1.402(5) 
C66-B2 1.640(6) C67-C68 1.396(6) C68-C69 1.373(6) 
C68-C72 1.500(6) C69-C70 1.389(5) C70-C71 1.384(5) 
C70-C73 1.496(6) C72-F25 1.264(11) C72-F26' 1.265(14) 
C72-F26 1.339(12) C72-F27' 1.353(9) C72-F25' 1.358(13) 
C72-F27 1.361(8) C73-F28 1.340(5) C73-F29 1.341(5) 
C73-F30 1.342(5) C74-C79 1.393(6) C74-C75 1.397(6) 
C74-B2 1.633(6) C75-C76 1.403(6) C76-C77 1.375(6) 
C76-C80 1.483(6) C77-C78 1.381(7) C78-C79 1.389(6) 
C78-C81 1.493(7) C80-F31 1.333(5) C80-F32 1.344(5) 
C80-F33 1.353(5) C81-F36' 1.217(14) C81-F34' 1.308(16) 
C81-F35 1.310(10) C81-F34 1.311(8) C81-F36 1.373(10) 
C81-F35' 1.418(17) C82-C83 1.393(6) C82-C87 1.403(6) 
C82-B2 1.633(6) C83-C84 1.384(7) C84-C85 1.391(7) 
C84-C88 1.494(7) C85-C86 1.393(7) C86-C87 1.382(6) 
C86-C89 1.482(7) C88-F39 1.276(7) C88-F38 1.324(6) 
C88-F37 1.390(8) C89-F42 1.332(6) C89-F40 1.336(6) 
C89-F41 1.337(6) C90-C95 1.390(6) C90-C91 1.403(6) 
C90-B2 1.627(6) C91-C92 1.401(6) C92-C93 1.381(6) 
C92-C96 1.495(6) C93-C94 1.387(6) C94-C95 1.388(6) 
C94-C97 1.499(6) C96-F43 1.327(5) C96-F44 1.327(5) 
C96-F45 1.345(5) C97-F48 1.308(5) C97-F47 1.345(5) 
C97-F46 1.347(5)     
 
Molecule No. 2 
Atoms Distance (Å) Atoms Distance (Å) Atoms Distance (Å) 
Ru1-N2 2.020(3) Ru1-N3 2.101(3) Ru1-N1 2.152(4) 
Ru1-P2 2.2537(10) Ru1-P1 2.3802(11) P1-C28 1.812(5) 
P1-C29 1.818(5) P1-C30 1.826(4) P2-C31 1.803(4) 
P2-C33 1.804(4) P2-C32 1.825(4) N1-C1 1.305(5) 
N1-C8 1.446(5) N2-C6 1.332(5) N2-C2 1.347(5) 
56 
 
Atoms Distance (Å) Atoms Distance (Å) Atoms Distance (Å) 
N3-C7 1.305(5) N3-C19 1.455(5) C1-C2 1.464(6) 
C1-C17 1.486(6) C2-C3 1.402(6) C3-C4 1.381(7) 
C4-C5 1.384(7) C5-C6 1.394(5) C6-C7 1.467(6) 
C7-C18 1.496(6) C8-C9 1.392(6) C8-C13 1.404(7) 
C9-C10 1.423(7) C9-C14 1.503(8) C10-C11 1.367(8) 
C11-C12 1.388(7) C11-C15 1.526(7) C12-C13 1.383(6) 
C13-C16 1.497(6) C19-C20 1.390(6) C19-C24 1.390(6) 
C20-C21 1.387(6) C20-C25 1.506(6) C21-C22 1.393(7) 
C22-C23 1.370(7) C22-C26 1.514(6) C23-C24 1.403(6) 
C24-C27 1.509(6) C34-C39 1.398(5) C34-C35 1.406(5) 
C34-B1 1.639(5) C35-C36 1.390(5) C36-C37 1.397(6) 
C36-C40 1.490(6) C37-C38 1.373(6) C38-C39 1.385(5) 
C38-C41 1.503(6) C40-F1" 1.285(18) C40-F3 1.287(15) 
C40-F2" 1.31(3) C40-F1 1.31(2) C40-F3" 1.321(17) 
C40-F2 1.32(3) C41-F6 1.324(5) C41-F4 1.333(5) 
C41-F5 1.347(5) C42-C47 1.386(5) C42-C43 1.405(5) 
C42-B1 1.642(5) C43-C44 1.387(5) C44-C45 1.387(5) 
C44-C48 1.509(5) C45-C46 1.388(5) C46-C47 1.390(5) 
C46-C49 1.489(5) C48-F9 1.312(5) C48-F8 1.337(5) 
C48-F7 1.347(5) C49-F12 1.326(4) C49-F10 1.345(5) 
C49-F11 1.345(5) C50-C51 1.400(5) C50-C55 1.400(5) 
C50-B1 1.643(6) C51-C52 1.392(5) C52-C53 1.388(5) 
C52-C56 1.491(6) C53-C54 1.377(6) C54-C55 1.395(5) 
C54-C57 1.495(6) C56-F15" 1.285(12) C56-F14 1.286(7) 
C56-F14" 1.301(15) C56-F13 1.310(6) C56-F15 1.357(6) 
C56-F13" 1.385(11) C57-F17 1.331(5) C57-F16 1.340(5) 
C57-F18 1.349(5) C58-C63 1.396(5) C58-C59 1.407(5) 
C58-B1 1.632(6) C59-C60 1.384(5) C60-C61 1.388(5) 
C60-C64 1.495(6) C61-C62 1.380(5) C62-C63 1.385(5) 
C62-C65 1.501(5) C64-F21 1.267(5) C64-F20 1.313(5) 
C64-F19 1.353(6) C65-F24 1.334(5) C65-F23 1.335(4) 
C65-F22 1.344(5) C66-C67 1.403(10) C66-C71 1.404(10) 
C66-B2 1.652(12) C67-C68 1.389(11) C68-C69 1.373(11) 
C68-C72 1.517(14) C69-C70 1.386(11) C70-C71 1.375(10) 
C70-C73 1.497(10) C72-F25 1.315(13) C72-F26 1.325(11) 
C72-F27 1.354(13) C73-F28 1.3382 C73-F29 1.3385 
C73-F30 1.3387 C66"-C67" 1.3900 C66"-C71" 1.3900 
C66"-B2 1.593(19) C67"-C68" 1.3900 C68"-C69" 1.3900 
C68"-C72" 1.48(2) C69"-C70" 1.3900 C70"-C71" 1.3900 
C70"-C73" 1.521(18) C72"-F25" 1.3383 C72"-F26" 1.3385 
C72"-F27" 1.3386 C73"-F28" 1.3383 C73"-F30" 1.3385 
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Atoms Distance (Å) Atoms Distance (Å) Atoms Distance (Å) 
C73"-F29" 1.3385 C74-C79 1.397(6) C74-C75 1.398(6) 
C74-B2 1.642(6) C75-C76 1.386(6) C76-C77 1.372(6) 
C76-C80 1.508(7) C77-C78 1.382(6) C78-C79 1.387(5) 
C78-C81 1.496(6) C80-F33 1.254(8) C80-F32 1.308(6) 
C80-F31 1.390(8) C81-F36 1.322(5) C81-F35 1.328(5) 
C81-F34 1.360(5) C82-C87 1.389(6) C82-C83 1.404(6) 
C82-B2 1.644(6) C83-C84 1.385(6) C84-C85 1.387(6) 
C84-C88 1.499(6) C85-C86 1.382(6) C86-C87 1.390(6) 
C86-C89 1.503(6) C88-F37" 1.270(16) C88-F38 1.291(10) 
C88-F39 1.309(9) C88-F38" 1.354(16) C88-F37 1.354(9) 
C88-F39" 1.384(15) C89-F41" 1.239(14) C89-F40 1.305(7) 
C89-F42" 1.310(19) C89-F41 1.337(9) C89-F42 1.373(7) 
C89-F40" 1.391(16) C90-C95 1.398(6) C90-C91 1.398(6) 
C90-B2 1.633(6) C91-C92 1.391(6) C92-C93 1.383(6) 
C92-C96 1.502(6) C93-C94 1.380(6) C94-C95 1.392(6) 
C94-C97 1.493(6) C96-F45 1.329(5) C96-F44 1.329(6) 
C96-F43 1.343(6) C97-F47" 1.21(2) C97-F46" 1.28(2) 
C97-F46 1.306(8) C97-F48 1.339(7) C97-F48" 1.35(2) 
C97-F47 1.355(8)     
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Table 10. Bond angles in 3
2+
[BAr
F
4]2 
Molecule No. 1 
Atoms Angle (°) Atoms Angle (°) Atoms Angle (°) 
N2-Ru1-N1 76.61(13) N2-Ru1-N3 76.31(12) N1-Ru1-N3 151.67(12) 
N2-Ru1-P2 91.18(9) N1-Ru1-P2 95.99(9) N3-Ru1-P2 92.75(9) 
N2-Ru1-P1 177.22(9) N1-Ru1-P1 102.28(9) N3-Ru1-P1 104.38(9) 
P2-Ru1-P1 91.47(4) C30-P1-C28 101.7(2) C30-P1-C29 100.5(2) 
C28-P1-C29 100.5(2) C30-P1-Ru1 117.93(14) C28-P1-Ru1 121.02(14) 
C29-P1-Ru1 112.09(15) C32-P2-C33 101.1(2) C32-P2-C31 104.1(2) 
C33-P2-C31 103.2(2) C32-P2-Ru1 114.73(15) C33-P2-Ru1 115.82(16) 
C31-P2-Ru1 116.00(14) C1-N1-C8 117.7(3) C1-N1-Ru1 115.6(3) 
C8-N1-Ru1 123.4(2) C6-N2-C2 123.0(3) C6-N2-Ru1 119.0(3) 
C2-N2-Ru1 117.9(3) C7-N3-C19 118.7(3) C7-N3-Ru1 114.9(3) 
C19-N3-Ru1 126.3(2) N1-C1-C2 115.4(3) N1-C1-C17 125.8(4) 
C2-C1-C17 118.4(3) N2-C2-C3 119.5(4) N2-C2-C1 113.5(3) 
C3-C2-C1 126.7(4) C2-C3-C4 118.3(4) C5-C4-C3 120.9(4) 
C4-C5-C6 118.3(4) N2-C6-C5 119.9(4) N2-C6-C7 113.5(3) 
C5-C6-C7 126.6(4) N3-C7-C6 115.9(4) N3-C7-C18 125.5(4) 
C6-C7-C18 118.4(3) C9-C8-C13 122.5(4) C9-C8-N1 114.0(4) 
C13-C8-N1 123.5(4) C8-C9-C10 118.4(4) C8-C9-C14 120.2(4) 
C10-C9-C14 121.4(4) C9-C10-C11 121.0(5) C12-C11-C10 118.7(4) 
C12-C11-C15 121.4(5) C10-C11-C15 119.9(6) C11-C12-C13 123.0(5) 
C12-C13-C8 116.3(4) C12-C13-C16 119.1(4) C8-C13-C16 124.5(4) 
C24-C19-C20 121.7(4) C24-C19-N3 120.7(3) C20-C19-N3 117.5(4) 
C21-C20-C19 117.2(4) C21-C20-C25 121.8(4) C19-C20-C25 120.9(4) 
C22-C21-C20 122.4(4) C23-C22-C21 117.8(4) C23-C22-C26 121.0(4) 
C21-C22-C26 121.2(4) C22-C23-C24 122.7(4) C23-C24-C19 117.5(4) 
C23-C24-C27 118.7(4) C19-C24-C27 123.7(4) C35-C34-C39 115.3(3) 
C35-C34-B1 120.6(3) C39-C34-B1 123.9(3) C36-C35-C34 122.9(3) 
C37-C36-C35 120.3(4) C37-C36-C40 119.7(3) C35-C36-C40 119.8(3) 
C36-C37-C38 118.5(3) C37-C38-C39 121.1(3) C37-C38-C41 120.2(3) 
C39-C38-C41 118.7(3) C38-C39-C34 121.9(4) F1-C40-F3 106.2(4) 
F1-C40-F2 105.8(4) F3-C40-F2 105.0(3) F1-C40-C36 112.3(3) 
F3-C40-C36 113.7(3) F2-C40-C36 113.2(3) F4-C41-F6 106.7(4) 
F4-C41-F5 105.8(3) F6-C41-F5 106.4(3) F4-C41-C38 112.5(3) 
F6-C41-C38 112.8(3) F5-C41-C38 112.1(3) C47-C42-C43 115.9(3) 
C47-C42-B1 122.7(3) C43-C42-B1 121.1(3) C44-C43-C42 121.8(4) 
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Atoms Angle (°) Atoms Angle (°) Atoms Angle (°) 
C45-C44-C43 120.3(4) C45-C44-C48 118.6(4) C43-C44-C48 121.1(4) 
C46-C45-C44 118.8(4) C45-C46-C47 120.9(4) C45-C46-C49 119.0(4) 
C47-C46-C49 120.1(4) C46-C47-C42 122.3(4) F9-C48-F8 109.4(4) 
F9-C48-F7 104.6(4) F8-C48-F7 101.8(4) F9-C48-C44 114.4(4) 
F8-C48-C44 114.0(3) F7-C48-C44 111.5(3) F12-C49-F11 109.4(4) 
F12-C49-F10 103.7(3) F11-C49-F10 103.3(3) F12-C49-C46 113.6(3) 
F11-C49-C46 114.2(3) F10-C49-C46 111.7(4) C55-C50-C51 115.1(3) 
C55-C50-B1 126.7(3) C51-C50-B1 118.1(3) C52-C51-C50 122.4(4) 
C51-C52-C53 120.7(3) C51-C52-C56 119.2(3) C53-C52-C56 120.0(3) 
C54-C53-C52 117.9(4) C55-C54-C53 121.2(3) C55-C54-C57 119.4(3) 
C53-C54-C57 119.4(3) C54-C55-C50 122.5(3) F13-C56-F15 107.1(3) 
F13-C56-F14 105.4(3) F15-C56-F14 106.4(3) F13-C56-C52 113.0(3) 
F15-C56-C52 113.1(3) F14-C56-C52 111.3(3) F16-C57-F17 107.1(3) 
F16-C57-F18 105.7(3) F17-C57-F18 105.7(3) F16-C57-C54 113.0(3) 
F17-C57-C54 112.9(3) F18-C57-C54 111.9(3) C63-C58-C59 115.4(3) 
C63-C58-B1 123.0(3) C59-C58-B1 121.5(3) C60-C59-C58 121.7(4) 
C61-C60-C59 121.8(3) C61-C60-C64 118.4(3) C59-C60-C64 119.7(4) 
C62-C61-C60 117.6(3) C61-C62-C63 121.0(3) C61-C62-C65 120.3(3) 
C63-C62-C65 118.6(3) C58-C63-C62 122.4(3) F20-C64-F21 107.2(3) 
F20-C64-F19 106.7(4) F21-C64-F19 105.9(3) F20-C64-C60 111.5(3) 
F21-C64-C60 112.1(4) F19-C64-C60 113.1(3) F24-C65-F23 107.7(4) 
F24-C65-F22 104.6(3) F23-C65-F22 104.4(3) F24-C65-C62 113.9(3) 
F23-C65-C62 112.8(3) F22-C65-C62 112.6(3) C58-B1-C50 113.8(3) 
C58-B1-C34 111.0(3) C50-B1-C34 104.2(3) C58-B1-C42 105.7(3) 
C50-B1-C42 109.4(3) C34-B1-C42 112.9(3) C71-C66-C67 115.9(4) 
C71-C66-B2 120.0(3) C67-C66-B2 123.4(3) C68-C67-C66 121.7(4) 
C69-C68-C67 120.9(4) C69-C68-C72 119.6(4) C67-C68-C72 119.5(4) 
C68-C69-C70 118.5(4) C71-C70-C69 120.5(4) C71-C70-C73 121.1(3) 
C69-C70-C73 118.5(4) C70-C71-C66 122.5(3) F25-C72-F26 105.4(11) 
F26'-C72-F27' 112.3(10) F26'-C72-F25' 104.8(13) F27'-C72-F25' 98.8(9) 
F25-C72-F27 112.9(8) F26-C72-F27 98.9(7) F25-C72-C68 117.5(7) 
F26'-C72-C68 117.5(11) F26-C72-C68 109.9(8) F27'-C72-C68 112.9(5) 
F25'-C72-C68 108.4(8) F27-C72-C68 110.5(5) F28-C73-F29 106.2(3) 
F28-C73-F30 106.0(3) F29-C73-F30 107.1(4) F28-C73-C70 112.3(4) 
F29-C73-C70 112.5(3) F30-C73-C70 112.1(4) C79-C74-C75 115.2(4) 
C79-C74-B2 119.4(4) C75-C74-B2 124.7(4) C74-C75-C76 122.2(4) 
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Atoms Angle (°) Atoms Angle (°) Atoms Angle (°) 
C77-C76-C75 120.7(4) C77-C76-C80 118.4(4) C75-C76-C80 120.9(4) 
C76-C77-C78 118.4(4) C77-C78-C79 120.3(4) C77-C78-C81 120.4(4) 
C79-C78-C81 119.2(5) C78-C79-C74 123.2(4) F31-C80-F32 106.8(4) 
F31-C80-F33 106.9(4) F32-C80-F33 105.1(3) F31-C80-C76 113.4(4) 
F32-C80-C76 111.8(4) F33-C80-C76 112.3(4) F36'-C81-F34' 110.5(18) 
F35-C81-F34 106.2(7) F35-C81-F36 103.5(7) F34-C81-F36 106.2(7) 
F36'-C81-F35' 101.0(18) F34'-C81-F35' 111.1(18) F36'-C81-C78 118.0(12) 
F34'-C81-C78 110.3(11) F35-C81-C78 113.3(6) F34-C81-C78 114.9(5) 
F36-C81-C78 111.8(6) F35'-C81-C78 105.4(9) C83-C82-C87 115.1(4) 
C83-C82-B2 124.5(4) C87-C82-B2 119.8(4) C84-C83-C82 122.8(5) 
C83-C84-C85 120.9(4) C83-C84-C88 119.4(5) C85-C84-C88 119.7(5) 
C84-C85-C86 117.7(5) C87-C86-C85 120.4(5) C87-C86-C89 120.1(4) 
C85-C86-C89 119.4(5) C86-C87-C82 123.1(4) F39-C88-F38 108.4(5) 
F39-C88-F37 104.8(5) F38-C88-F37 103.1(5) F39-C88-C84 115.3(6) 
F38-C88-C84 113.0(5) F37-C88-C84 111.1(5) F42-C89-F40 106.1(4) 
F42-C89-F41 105.7(4) F40-C89-F41 106.9(5) F42-C89-C86 113.2(5) 
F40-C89-C86 111.9(4) F41-C89-C86 112.4(4) C95-C90-C91 115.7(4) 
C95-C90-B2 119.6(4) C91-C90-B2 124.3(4) C92-C91-C90 121.6(4) 
C93-C92-C91 121.2(4) C93-C92-C96 118.1(4) C91-C92-C96 120.7(4) 
C92-C93-C94 117.9(4) C93-C94-C95 120.6(4) C93-C94-C97 119.6(4) 
C95-C94-C97 119.6(4) C94-C95-C90 122.9(4) F43-C96-F44 107.5(4) 
F43-C96-F45 105.1(4) F44-C96-F45 105.5(3) F43-C96-C92 113.9(3) 
F44-C96-C92 112.4(3) F45-C96-C92 111.9(4) F48-C97-F47 106.3(4) 
F48-C97-F46 108.1(4) F47-C97-F46 103.7(3) F48-C97-C94 114.2(4) 
F47-C97-C94 111.5(4) F46-C97-C94 112.4(4) C90-B2-C74 102.6(3) 
C90-B2-C82 113.3(3) C74-B2-C82 112.0(3) C90-B2-C66 112.5(3) 
C74-B2-C66 113.5(3) C82-B2-C66 103.3(3)   
 
Molecule No. 2 
Atoms Angle (°) Atoms Angle (°) Atoms Angle (°) 
N2-Ru1-N3 76.53(13) N2-Ru1-N1 76.73(13) N3-Ru1-N1 151.57(13) 
N2-Ru1-P2 88.73(9) N3-Ru1-P2 94.74(9) N1-Ru1-P2 94.14(10) 
N2-Ru1-P1 178.43(11) N3-Ru1-P1 101.93(9) N1-Ru1-P1 104.75(10) 
P2-Ru1-P1 91.67(4) C28-P1-C29 101.0(3) C28-P1-C30 101.1(2) 
C29-P1-C30 100.2(2) C28-P1-Ru1 116.27(15) C29-P1-Ru1 114.07(18) 
C30-P1-Ru1 121.16(15) C31-P2-C33 104.0(2) C31-P2-C32 100.4(2) 
C33-P2-C32 103.1(2) C31-P2-Ru1 114.95(16) C33-P2-Ru1 117.21(14) 
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Atoms Angle (°) Atoms Angle (°) Atoms Angle (°) 
C32-P2-Ru1 115.02(14) C1-N1-C8 119.0(4) C1-N1-Ru1 114.3(3) 
C8-N1-Ru1 126.7(3) C6-N2-C2 123.4(3) C6-N2-Ru1 118.0(3) 
C2-N2-Ru1 118.3(3) C7-N3-C19 117.5(3) C7-N3-Ru1 115.2(3) 
C19-N3-Ru1 122.0(2) N1-C1-C2 115.9(4) N1-C1-C17 125.0(4) 
C2-C1-C17 119.0(4) N2-C2-C3 118.4(4) N2-C2-C1 114.0(4) 
C3-C2-C1 127.5(4) C4-C3-C2 118.9(4) C3-C4-C5 121.1(4) 
C4-C5-C6 117.9(4) N2-C6-C5 120.1(4) N2-C6-C7 112.5(3) 
C5-C6-C7 127.1(4) N3-C7-C6 115.7(4) N3-C7-C18 124.9(4) 
C6-C7-C18 119.1(4) C9-C8-C13 121.8(4) C9-C8-N1 117.7(4) 
C13-C8-N1 120.5(4) C8-C9-C10 117.5(5) C8-C9-C14 122.0(5) 
C10-C9-C14 120.4(5) C11-C10-C9 121.3(5) C10-C11-C12 118.9(5) 
C10-C11-C15 121.1(5) C12-C11-C15 120.0(5) C13-C12-C11 122.5(5) 
C12-C13-C8 117.4(4) C12-C13-C16 118.6(5) C8-C13-C16 123.9(4) 
C20-C19-C24 122.3(4) C20-C19-N3 112.9(4) C24-C19-N3 124.8(4) 
C21-C20-C19 118.2(4) C21-C20-C25 121.6(4) C19-C20-C25 120.1(4) 
C20-C21-C22 121.2(4) C23-C22-C21 118.9(4) C23-C22-C26 120.5(5) 
C21-C22-C26 120.6(5) C22-C23-C24 122.1(5) C19-C24-C23 117.1(4) 
C19-C24-C27 123.6(4) C23-C24-C27 119.3(4) C39-C34-C35 115.4(3) 
C39-C34-B1 123.4(3) C35-C34-B1 121.2(3) C36-C35-C34 122.1(4) 
C35-C36-C37 120.5(4) C35-C36-C40 119.5(4) C37-C36-C40 119.9(4) 
C38-C37-C36 118.2(4) C37-C38-C39 121.1(4) C37-C38-C41 119.6(4) 
C39-C38-C41 119.3(4) C38-C39-C34 122.6(4) F1"-C40-F2" 104.0(14) 
F3-C40-F1 104.5(12) F1"-C40-F3" 108.8(13) F2"-C40-F3" 105.2(15) 
F3-C40-F2 106.5(15) F1-C40-F2 103.7(14) F1"-C40-C36 112.4(9) 
F3-C40-C36 114.6(9) F2"-C40-C36 112.2(12) F1-C40-C36 115.4(8) 
F3"-C40-C36 113.4(9) F2-C40-C36 111.1(13) F6-C41-F4 107.0(3) 
F6-C41-F5 106.0(4) F4-C41-F5 104.7(4) F6-C41-C38 113.5(4) 
F4-C41-C38 112.6(4) F5-C41-C38 112.5(3) C47-C42-C43 115.2(3) 
C47-C42-B1 123.5(3) C43-C42-B1 121.3(3) C44-C43-C42 122.4(4) 
C43-C44-C45 121.1(3) C43-C44-C48 118.4(3) C45-C44-C48 120.3(3) 
C44-C45-C46 117.3(3) C45-C46-C47 120.9(4) C45-C46-C49 120.5(3) 
C47-C46-C49 118.4(3) C42-C47-C46 123.0(3) F9-C48-F8 107.6(3) 
F9-C48-F7 107.4(4) F8-C48-F7 104.3(3) F9-C48-C44 113.2(4) 
F8-C48-C44 112.3(3) F7-C48-C44 111.6(3) F12-C49-F10 106.5(3) 
F12-C49-F11 106.0(3) F10-C49-F11 104.3(3) F12-C49-C46 113.9(3) 
F10-C49-C46 112.0(3) F11-C49-C46 113.4(3) C51-C50-C55 115.8(4) 
C51-C50-B1 121.4(3) C55-C50-B1 122.6(3) C52-C51-C50 122.7(4) 
C53-C52-C51 120.2(4) C53-C52-C56 118.6(4) C51-C52-C56 121.3(4) 
C54-C53-C52 118.4(4) C53-C54-C55 121.3(4) C53-C54-C57 117.1(4) 
C55-C54-C57 121.6(4) C54-C55-C50 121.6(4) F15"-C56-F14" 106.0(14) 
F14-C56-F13 110.7(5) F14-C56-F15 103.7(5) F13-C56-F15 104.1(5) 
F15"-C56-F13" 107.3(12) F14"-C56-F13" 95.5(13) F15"-C56-C52 117.7(6) 
F14-C56-C52 113.9(5) F14"-C56-C52 118.7(11) F13-C56-C52 112.7(4) 
F15-C56-C52 110.9(4) F13"-C56-C52 109.0(6) F17-C57-F16 107.4(4) 
F17-C57-F18 105.7(3) F16-C57-F18 104.9(3) F17-C57-C54 113.7(4) 
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Atoms Angle (°) Atoms Angle (°) Atoms Angle (°) 
F16-C57-C54 112.7(4) F18-C57-C54 111.8(4) C63-C58-C59 115.1(3) 
C63-C58-B1 125.3(3) C59-C58-B1 119.5(3) C60-C59-C58 122.7(4) 
C59-C60-C61 120.8(4) C59-C60-C64 118.9(4) C61-C60-C64 120.3(4) 
C62-C61-C60 117.5(4) C61-C62-C63 121.7(4) C61-C62-C65 119.4(3) 
C63-C62-C65 118.9(3) C62-C63-C58 122.2(3) F21-C64-F20 110.3(5) 
F21-C64-F19 104.6(5) F20-C64-F19 100.8(4) F21-C64-C60 114.6(4) 
F20-C64-C60 114.0(4) F19-C64-C60 111.4(4) F24-C65-F23 106.7(3) 
F24-C65-F22 105.6(3) F23-C65-F22 105.8(3) F24-C65-C62 113.3(3) 
F23-C65-C62 112.8(3) F22-C65-C62 112.1(3) C58-B1-C34 105.0(3) 
C58-B1-C42 112.4(3) C34-B1-C42 111.5(3) C58-B1-C50 111.9(3) 
C34-B1-C50 111.2(3) C42-B1-C50 104.8(3) C67-C66-C71 113.6(7) 
C67-C66-B2 123.8(9) C71-C66-B2 122.2(9) C68-C67-C66 123.4(7) 
C69-C68-C67 121.1(7) C69-C68-C72 118.7(10) C67-C68-C72 120.1(10) 
C68-C69-C70 117.0(8) C71-C70-C69 121.6(7) C71-C70-C73 122.4(7) 
C69-C70-C73 115.9(8) C70-C71-C66 123.2(7) F25-C72-F26 110.7(10) 
F25-C72-F27 103.7(9) F26-C72-F27 105.2(8) F25-C72-C68 113.6(10) 
F26-C72-C68 113.3(8) F27-C72-C68 109.5(11) F28-C73-F29 107.0 
F28-C73-F30 107.0 F29-C73-F30 106.9 F28-C73-C70 111.7(5) 
F29-C73-C70 112.6(5) F30-C73-C70 111.3(4) C67"-C66"-C71" 120.0 
C67"-C66"-B2 121.0(15) C71"-C66"-B2 118.4(14) C68"-C67"-C66" 120.0 
C67"-C68"-C69" 120.0 C67"-C68"-C72" 121.4(16) C69"-C68"-C72" 118.6(16) 
C68"-C69"-C70" 120.0 C69"-C70"-C71" 120.0 C69"-C70"-C73" 122.0(14) 
C71"-C70"-C73" 117.8(14) C70"-C71"-C66" 120.0 F25"-C72"-F26" 107.0 
F25"-C72"-F27" 107.0 F26"-C72"-F27" 107.0 F25"-C72"-C68" 112.0(14) 
F26"-C72"-C68" 111.4(11) F27"-C72"-C68" 112.2(13) F28"-C73"-F30" 107.0 
F28"-C73"-F29" 107.0 F30"-C73"-F29" 107.0 F28"-C73"-C70" 113.3(11) 
F30"-C73"-C70" 108.8(11) F29"-C73"-C70" 113.4(13) C79-C74-C75 114.8(4) 
C79-C74-B2 122.6(4) C75-C74-B2 122.2(4) C76-C75-C74 122.6(4) 
C77-C76-C75 121.0(4) C77-C76-C80 118.5(4) C75-C76-C80 120.4(5) 
C76-C77-C78 118.2(4) C77-C78-C79 120.4(4) C77-C78-C81 117.0(4) 
C79-C78-C81 122.5(4) C78-C79-C74 122.9(4) F33-C80-F32 108.7(5) 
F33-C80-F31 106.2(6) F32-C80-F31 104.0(6) F33-C80-C76 114.1(6) 
F32-C80-C76 113.5(4) F31-C80-C76 109.6(5) F36-C81-F35 107.5(4) 
F36-C81-F34 105.8(4) F35-C81-F34 105.4(4) F36-C81-C78 112.9(4) 
F35-C81-C78 113.2(4) F34-C81-C78 111.5(4) C87-C82-C83 115.3(4) 
C87-C82-B2 125.5(4) C83-C82-B2 119.2(4) C84-C83-C82 122.7(4) 
C83-C84-C85 120.8(4) C83-C84-C88 119.2(4) C85-C84-C88 119.8(4) 
C86-C85-C84 117.4(4) C85-C86-C87 121.5(4) C85-C86-C89 119.4(4) 
C87-C86-C89 119.1(4) C82-C87-C86 122.2(4) F38-C88-F39 110.1(8) 
F37"-C88-F38" 112(2) F38-C88-F37 103.6(8) F39-C88-F37 104.6(6) 
F37"-C88-F39" 108.9(12) F38"-C88-F39" 96.1(15) F37"-C88-C84 117.6(12) 
F38-C88-C84 113.2(7) F39-C88-C84 114.5(6) F38"-C88-C84 113.4(14) 
F37-C88-C84 109.8(5) F39"-C88-C84 106.4(9) F41"-C89-F42" 117(2) 
F40-C89-F41 106.0(7) F40-C89-F42 106.5(5) F41-C89-F42 104.2(6) 
F41"-C89-F40" 106.1(12) F42"-C89-F40" 96.7(19) F41"-C89-C86 114.3(11) 
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Atoms Angle (°) Atoms Angle (°) Atoms Angle (°) 
F40-C89-C86 114.3(5) F42"-C89-C86 114(2) F41-C89-C86 112.6(7) 
F42-C89-C86 112.5(4) F40"-C89-C86 104.7(9) C95-C90-C91 115.9(4) 
C95-C90-B2 123.9(4) C91-C90-B2 119.9(4) C92-C91-C90 122.7(4) 
C93-C92-C91 119.7(4) C93-C92-C96 119.7(4) C91-C92-C96 120.5(4) 
C94-C93-C92 119.1(4) C93-C94-C95 120.7(4) C93-C94-C97 118.7(4) 
C95-C94-C97 120.6(4) C94-C95-C90 121.7(4) F45-C96-F44 106.3(4) 
F45-C96-F43 106.2(4) F44-C96-F43 107.7(4) F45-C96-C92 112.3(4) 
F44-C96-C92 111.5(4) F43-C96-C92 112.4(4) F47"-C97-F46" 102.0(18) 
F46-C97-F48 108.5(6) F47"-C97-F48" 106.9(17) F46"-C97-F48" 100.5(14) 
F46-C97-F47 107.6(6) F48-C97-F47 101.8(5) F47"-C97-C94 118.8(12) 
F46"-C97-C94 113.2(12) F46-C97-C94 114.8(5) F48-C97-C94 111.6(4) 
F48"-C97-C94 113.4(9) F47-C97-C94 111.6(5) C66"-B2-C90 102.8(9) 
C66"-B2-C74 114.1(10) C90-B2-C74 113.1(3) C66"-B2-C82 110.7(9) 
C90-B2-C82 111.2(3) C74-B2-C82 105.1(3) C90-B2-C66 103.6(5) 
C74-B2-C66 113.1(6) C82-B2-C66 110.8(5)   
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Table 11. Crystallographic information for 3
2+·AN[BArF4]2 
Empirical formula  C99H76N4B2F48P2Ru  
Formula weight  2418.26  
Temperature/K  100  
Crystal system  triclinic  
Space group  P1
_
  
a  13.4936(6)Å  
b  15.3024(7)Å  
c  27.8232(13)Å  
  77.610(2)°  
  77.503(2)°  
  72.163(2)°  
Volume  5270.9(4)Å
3
  
Z  2  
dcalc  1.524 g/cm
3
  
  0.312 mm-1  
F(000)  2428.0  
Crystal size, mm  0.3 × 0.25 × 0.06  
2 range for data collection      5.988 - 55.158°  
Index ranges  -17 ≤ h ≤ 17, -19 ≤ k ≤ 19, -36 ≤ l ≤ 35  
Reflections collected  161890  
Independent reflections  24311[R(int) = 0.0557]  
Data/restraints/parameters  24311/1945/1727  
Goodness-of-fit on F
2
  1.034  
Final R indexes [I>=2 (I)]  R1 = 0.0536, wR2 = 0.1190  
Final R indexes [all data]  R1 = 0.0730, wR2 = 0.1297  
Largest diff. peak/hole  1.46/-0.80 eÅ
-3
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Table 12. Bond distances in 3
2+·AN[BArF4]2 
Atoms Distance (Å) Atoms Distance (Å) Atoms Distance (Å) 
Ru1-P1 2.3969(7) Ru1-P2 2.3770(7) Ru1-N1 2.138(2) 
Ru1-N2 2.005(2) Ru1-N3 2.175(2) Ru1-N4 2.091(2) 
P1-C28 1.817(3) P1-C29 1.827(3) P1-C30 1.822(3) 
P2-C31 1.828(3) P2-C32 1.831(3) P2-C33 1.834(3) 
N1-C1 1.307(3) N1-C8 1.454(3) N2-C2 1.347(3) 
N2-C6 1.344(3) N3-C7 1.300(3) N3-C19 1.462(3) 
N4-C34 1.139(3) C1-C2 1.476(4) C1-C17 1.494(4) 
C2-C3 1.391(4) C3-C4 1.390(4) C4-C5 1.382(4) 
C5-C6 1.393(4) C6-C7 1.479(4) C7-C18 1.497(4) 
C8-C9 1.405(4) C8-C13 1.400(4) C9-C10 1.396(4) 
C9-C14 1.510(4) C10-C11 1.384(4) C11-C12 1.390(4) 
C11-C15 1.510(4) C12-C13 1.391(4) C13-C16 1.502(4) 
C19-C20 1.401(4) C19-C24 1.402(4) C20-C21 1.396(4) 
C20-C25 1.511(4) C21-C22 1.388(5) C22-C23 1.383(5) 
C22-C26 1.511(4) C23-C24 1.393(4) C24-C27 1.494(4) 
C34-C35 1.460(4) C36-C37 1.3900 C36-C41 1.3900 
C36-B1 1.646(4) C37-C38 1.3900 C38-C39 1.3900 
C38-C42 1.486(5) C39-C40 1.3900 C40-C41 1.3900 
C40-C43 1.506(8) C42-F1 1.351(8) C42-F2 1.335(6) 
C42-F3 1.316(6) C43-F4 1.335(8) C43-F5 1.303(9) 
C43-F6 1.388(9) C44-C45 1.3900 C44-C49 1.3900 
C44-B1 1.743(4) C45-C46 1.3900 C46-C47 1.3900 
C46-C50 1.537(10) C47-C48 1.3900 C48-C49 1.3900 
C48-C51 1.431(8) C50-F7 1.324(10) C50-F8 1.300(10) 
C50-F9 1.329(10) C51-F10 1.365(10) C51-F11 1.410(9) 
C51-F12 1.246(9) C52-C53 1.3900 C52-C57 1.3900 
C52-B1 1.700(4) C53-C54 1.3900 C54-C55 1.3900 
C54-C58 1.487(5) C55-C56 1.3900 C56-C57 1.3900 
C56-C59 1.495(11) C58-F13 1.649(8) C58-F14 1.181(8) 
C58-F15 1.284(7) C59-F16 1.346(10) C59-F17 1.359(10) 
C59-F18 1.309(10) C36'-C37' 1.3900 C36'-C41' 1.3900 
C36'-B1 1.662(5) C37'-C38' 1.3900 C38'-C39' 1.3900 
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Atoms Distance (Å) Atoms Distance (Å) Atoms Distance (Å) 
C38'-C42' 1.512(11) C39'-C40' 1.3900 C40'-C41' 1.3900 
C40'-C43' 1.510(16) C42'-F1' 1.353(10) C42'-F2' 1.329(12) 
C42'-F3' 1.398(13) C43'-F4' 1.332(13) C43'-F5' 1.394(14) 
C43'-F6' 1.363(15) C44'-C45' 1.3900 C44'-C49' 1.3900 
C44'-B1 1.534(6) C45'-C46' 1.3900 C46'-C47' 1.3900 
C46'-C50' 1.685(11) C47'-C48' 1.3900 C48'-C49' 1.3900 
C48'-C51' 1.644(17) C50'-F7' 1.464(14) C50'-F8' 1.265(11) 
C50'-F9' 1.794(13) C51'-F10' 1.297(15) C51'-F11' 1.342(15) 
C51'-F12' 1.320(17) C52'-C53' 1.3900 C52'-C57' 1.3900 
C52'-B1 1.787(5) C53'-C54' 1.3900 C54'-C55' 1.3900 
C54'-C58' 1.488(11) C55'-C56' 1.3900 C56'-C57' 1.3900 
C56'-C59' 1.55(3) C58'-F13' 1.338(13) C58'-F14' 1.345(12) 
C58'-F15' 1.373(11) C59'-F16' 1.341(18) C59'-F17' 1.342(17) 
C59'-F18' 1.332(17) C60-C61 1.402(4) C60-C65 1.402(4) 
C60-B1 1.630(4) C61-C62 1.387(5) C62-C63 1.383(5) 
C62-C66 1.506(5) C63-C64 1.393(5) C64-C65 1.395(4) 
C64-C67 1.488(5) C66-F19 1.317(5) C66-F20 1.320(5) 
C66-F21 1.337(5) C67-F22 1.306(4) C67-F23 1.327(4) 
C67-F24 1.332(4) F25-C74 1.340(4) F26-C74 1.338(4) 
F27-C74 1.336(4) F28-C75 1.332(4) F29-C75 1.331(5) 
F30-C75 1.324(4) F31-C82 1.350(4) F32-C82 1.341(4) 
F33-C82 1.338(3) F34-C83 1.342(3) F35-C83 1.337(3) 
F36-C83 1.337(3) F37-C90 1.341(4) F38-C90 1.353(3) 
F39-C90 1.339(3) F40-C91 1.319(5) F41-C91 1.311(5) 
F42-C91 1.299(5) F43-C98 1.342(4) F44-C98 1.340(4) 
F45-C98 1.325(5) F46-C99 1.340(4) F47-C99 1.329(3) 
F48-C99 1.332(4) C68-C69 1.405(4) C68-C73 1.401(4) 
C68-B2 1.645(4) C69-C70 1.385(4) C70-C71 1.390(4) 
C70-C74 1.506(4) C71-C72 1.387(5) C72-C73 1.395(4) 
C72-C75 1.501(4) C76-C77 1.399(4) C76-C81 1.405(4) 
C76-B2 1.632(4) C77-C78 1.392(4) C78-C79 1.385(4) 
C78-C82 1.490(4) C79-C80 1.389(4) C80-C81 1.391(4) 
C80-C83 1.497(4) C84-C85 1.401(4) C84-C89 1.405(4) 
C84-B2 1.645(4) C85-C86 1.394(4) C86-C87 1.384(5) 
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Atoms Distance (Å) Atoms Distance (Å) Atoms Distance (Å) 
C86-C90 1.498(4) C87-C88 1.378(5) C88-C89 1.394(4) 
C88-C91 1.507(5) C92-C93 1.405(4) C92-C97 1.398(4) 
C92-B2 1.645(4) C93-C94 1.393(4) C94-C95 1.379(4) 
C94-C98 1.499(4) C95-C96 1.392(4) C96-C97 1.391(4) 
C96-C99 1.495(4)        
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Table 13. Bond angles in 3
2+·AN[BArF4]2 
Atoms Angle (°) Atoms Angle (°) Atoms Angle (°) 
P2-Ru1-P1 102.26(3) N1-Ru1-P1 102.39(6) N1-Ru1-P2 91.05(6) 
N1-Ru1-N3 152.89(8) N2-Ru1-P1 175.52(6) N2-Ru1-P2 82.21(6) 
N2-Ru1-N1 77.22(8) N2-Ru1-N3 76.80(8) N2-Ru1-N4 93.22(8) 
N3-Ru1-P1 102.91(6) N3-Ru1-P2 92.98(6) N4-Ru1-P1 82.30(6) 
N4-Ru1-P2 175.43(6) N4-Ru1-N1 87.67(8) N4-Ru1-N3 86.20(8) 
C28-P1-Ru1 114.57(10) C28-P1-C29 99.32(14) C28-P1-C30 100.93(14) 
C29-P1-Ru1 114.16(10) C30-P1-Ru1 123.10(10) C30-P1-C29 101.27(15) 
C31-P2-Ru1 123.40(11) C31-P2-C32 102.03(15) C31-P2-C33 100.50(16) 
C32-P2-Ru1 114.56(11) C32-P2-C33 96.92(16) C33-P2-Ru1 115.29(10) 
C1-N1-Ru1 113.84(18) C1-N1-C8 116.5(2) C8-N1-Ru1 128.67(16) 
C2-N2-Ru1 118.68(18) C6-N2-Ru1 119.13(17) C6-N2-C2 122.0(2) 
C7-N3-Ru1 113.64(18) C7-N3-C19 117.0(2) C19-N3-Ru1 128.34(17) 
C34-N4-Ru1 177.5(2) N1-C1-C2 116.6(2) N1-C1-C17 125.3(2) 
C2-C1-C17 118.1(2) N2-C2-C1 112.9(2) N2-C2-C3 120.1(2) 
C3-C2-C1 126.9(2) C4-C3-C2 118.6(2) C5-C4-C3 120.3(2) 
C4-C5-C6 118.9(3) N2-C6-C5 120.0(2) N2-C6-C7 113.7(2) 
C5-C6-C7 126.3(3) N3-C7-C6 116.3(2) N3-C7-C18 126.2(2) 
C6-C7-C18 117.5(2) C9-C8-N1 118.6(2) C13-C8-N1 120.6(2) 
C13-C8-C9 120.8(3) C8-C9-C14 124.6(2) C10-C9-C8 118.0(3) 
C10-C9-C14 117.3(2) C11-C10-C9 122.6(3) C10-C11-C12 117.7(3) 
C10-C11-C15 121.0(3) C12-C11-C15 121.3(3) C11-C12-C13 122.3(3) 
C8-C13-C16 122.3(3) C12-C13-C8 118.6(3) C12-C13-C16 119.1(3) 
C20-C19-N3 119.5(2) C20-C19-C24 120.8(3) C24-C19-N3 119.7(3) 
C19-C20-C25 124.4(3) C21-C20-C19 118.0(3) C21-C20-C25 117.5(3) 
C22-C21-C20 122.6(3) C21-C22-C26 121.4(3) C23-C22-C21 117.6(3) 
C23-C22-C26 121.0(3) C22-C23-C24 122.4(3) C19-C24-C27 122.7(3) 
C23-C24-C19 118.4(3) C23-C24-C27 118.9(3) N4-C34-C35 178.9(3) 
C37-C36-C41 120.0 C37-C36-B1 116.84(19) C41-C36-B1 122.80(19) 
C36-C37-C38 120.0 C37-C38-C42 121.0(3) C39-C38-C37 120.0 
C39-C38-C42 119.0(3) C38-C39-C40 120.0 C39-C40-C43 118.9(3) 
C41-C40-C39 120.0 C41-C40-C43 121.1(3) C40-C41-C36 120.0 
F1-C42-C38 114.0(4) F2-C42-C38 112.9(5) F2-C42-F1 102.9(5) 
F3-C42-C38 114.0(4) F3-C42-F1 107.5(6) F3-C42-F2 104.6(5) 
F4-C43-C40 112.7(5) F4-C43-F6 106.4(7) F5-C43-C40 110.5(6) 
F5-C43-F4 108.8(7) F5-C43-F6 107.0(7) F6-C43-C40 111.2(7) 
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Atoms Angle (°) Atoms Angle (°) Atoms Angle (°) 
C45-C44-C49 120.0 C45-C44-B1 121.34(18) C49-C44-B1 118.14(18) 
C44-C45-C46 120.0 C45-C46-C47 120.0 C45-C46-C50 120.7(4) 
C47-C46-C50 119.3(4) C48-C47-C46 120.0 C47-C48-C49 120.0 
C47-C48-C51 119.1(3) C49-C48-C51 120.8(3) C48-C49-C44 120.0 
F7-C50-C46 109.1(6) F7-C50-F9 108.5(7) F8-C50-C46 111.2(7) 
F8-C50-F7 107.5(6) F8-C50-F9 108.9(7) F9-C50-C46 111.5(6) 
F10-C51-C48 112.7(7) F10-C51-F11 90.0(6) F11-C51-C48 111.6(6) 
F12-C51-C48 120.2(6) F12-C51-F10 118.7(7) F12-C51-F11 97.4(7) 
C53-C52-C57 120.0 C53-C52-B1 121.37(19) C57-C52-B1 117.92(19) 
C54-C53-C52 120.0 C53-C54-C55 120.0 C53-C54-C58 122.0(3) 
C55-C54-C58 117.9(3) C56-C55-C54 120.0 C55-C56-C57 120.0 
C55-C56-C59 120.6(4) C57-C56-C59 119.4(4) C56-C57-C52 120.0 
C54-C58-F13 104.1(4) F14-C58-C54 115.2(5) F14-C58-F13 84.7(6) 
F14-C58-F15 129.7(6) F15-C58-C54 113.7(5) F15-C58-F13 94.3(6) 
F16-C59-C56 111.6(6) F16-C59-F17 106.6(9) F17-C59-C56 111.5(7) 
F18-C59-C56 114.4(8) F18-C59-F16 106.6(7) F18-C59-F17 105.7(7) 
C37'-C36'-C41' 120.0 C37'-C36'-B1 113.6(4) C41'-C36'-B1 125.8(4) 
C36'-C37'-C38' 120.0 C37'-C38'-C42' 118.8(5) C39'-C38'-C37' 120.0 
C39'-C38'-C42' 121.2(5) C40'-C39'-C38' 120.0 C39'-C40'-C41' 120.0 
C39'-C40'-C43' 121.1(6) C41'-C40'-C43' 118.8(7) C40'-C41'-C36' 120.0 
F1'-C42'-C38' 112.0(8) F1'-C42'-F3' 106.8(10) F2'-C42'-C38' 110.2(8) 
F2'-C42'-F1' 108.2(8) F2'-C42'-F3' 109.8(11) F3'-C42'-C38' 109.8(9) 
F4'-C43'-C40' 111.4(10) F4'-C43'-F5' 112.7(12) F4'-C43'-F6' 109.8(12) 
F5'-C43'-C40' 111.7(11) F6'-C43'-C40' 107.9(14) F6'-C43'-F5' 103.0(13) 
C45'-C44'-C49' 120.0 C45'-C44'-B1 120.1(4) C49'-C44'-B1 119.0(4) 
C46'-C45'-C44' 120.0 C45'-C46'-C50' 118.1(5) C47'-C46'-C45' 120.0 
C47'-C46'-C50' 121.5(5) C46'-C47'-C48' 120.0 C47'-C48'-C51' 126.1(8) 
C49'-C48'-C47' 120.0 C49'-C48'-C51' 113.5(8) C48'-C49'-C44' 120.0 
C46'-C50'-F9' 115.7(7) F7'-C50'-C46' 122.3(10) F7'-C50'-F9' 83.8(8) 
F8'-C50'-C46' 104.8(8) F8'-C50'-F7' 122.8(10) F8'-C50'-F9' 104.4(8) 
F10'-C51'-C48' 116.0(12) F10'-C51'-F11' 119.1(15) F10'-C51'-F12' 104.2(13) 
F11'-C51'-C48' 98.7(11) F12'-C51'-C48' 98.4(12) F12'-C51'-F11' 119.0(15) 
C53'-C52'-C57' 120.0 C53'-C52'-B1 121.1(3) C57'-C52'-B1 118.9(3) 
C54'-C53'-C52' 120.0 C53'-C54'-C55' 120.0 C53'-C54'-C58' 119.1(5) 
C55'-C54'-C58' 120.7(5) C56'-C55'-C54' 120.0 C55'-C56'-C57' 120.0 
C55'-C56'-C59' 122.3(7) C57'-C56'-C59' 117.7(7) C56'-C57'-C52' 120.0 
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Atoms Angle (°) Atoms Angle (°) Atoms Angle (°) 
F13'-C58'-C54' 113.5(8) F13'-C58'-F14' 108.1(10) F13'-C58'-F15' 102.9(10) 
F14'-C58'-C54' 112.1(9) F14'-C58'-F15' 108.8(9) F15'-C58'-C54' 111.0(8) 
F16'-C59'-C56' 109.7(14) F16'-C59'-F17' 108.8(15) F17'-C59'-C56' 109.0(15) 
F18'-C59'-C56' 109.4(15) F18'-C59'-F16' 110.3(16) F18'-C59'-F17' 109.6(15) 
C61-C60-C65 115.8(3) C61-C60-B1 123.7(3) C65-C60-B1 120.1(3) 
C62-C61-C60 122.1(3) C61-C62-C66 119.4(3) C63-C62-C61 121.0(3) 
C63-C62-C66 119.5(3) C62-C63-C64 118.6(3) C63-C64-C65 119.9(3) 
C63-C64-C67 120.7(3) C65-C64-C67 119.4(3) C64-C65-C60 122.6(3) 
F19-C66-C62 112.5(3) F19-C66-F20 107.6(4) F19-C66-F21 105.1(4) 
F20-C66-C62 113.1(3) F20-C66-F21 106.0(3) F21-C66-C62 112.0(4) 
F22-C67-C64 112.9(3) F22-C67-F23 106.2(3) F22-C67-F24 106.7(3) 
F23-C67-C64 113.1(3) F23-C67-F24 104.1(3) F24-C67-C64 113.1(3) 
C36-B1-C44 113.2(2) C36-B1-C52 104.1(2) C52-B1-C44 108.3(2) 
C36'-B1-C52' 108.5(3) C44'-B1-C36' 109.5(4) C44'-B1-C52' 115.7(4) 
C44'-B1-C60 114.1(3) C60-B1-C36 113.6(2) C60-B1-C44 98.7(2) 
C60-B1-C52 119.1(2) C60-B1-C36' 116.0(3) C60-B1-C52' 92.1(3) 
C69-C68-B2 122.9(2) C73-C68-C69 115.3(3) C73-C68-B2 121.5(2) 
C70-C69-C68 122.6(3) C69-C70-C71 121.1(3) C69-C70-C74 118.7(3) 
C71-C70-C74 120.2(3) C72-C71-C70 117.5(3) C71-C72-C73 121.2(3) 
C71-C72-C75 120.7(3) C73-C72-C75 118.0(3) C72-C73-C68 122.2(3) 
F25-C74-C70 112.8(3) F26-C74-F25 105.3(3) F26-C74-C70 112.4(3) 
F27-C74-F25 107.0(3) F27-C74-F26 106.8(3) F27-C74-C70 112.1(3) 
F28-C75-C72 112.4(3) F29-C75-F28 104.8(3) F29-C75-C72 113.0(3) 
F30-C75-F28 108.2(3) F30-C75-F29 105.9(4) F30-C75-C72 112.0(3) 
C77-C76-C81 115.5(2) C77-C76-B2 119.6(2) C81-C76-B2 124.8(2) 
C78-C77-C76 122.8(2) C77-C78-C82 117.8(2) C79-C78-C77 120.6(2) 
C79-C78-C82 121.5(2) C78-C79-C80 117.7(2) C79-C80-C81 121.5(2) 
C79-C80-C83 119.0(2) C81-C80-C83 119.5(2) C80-C81-C76 121.8(2) 
F31-C82-C78 112.0(2) F32-C82-F31 104.9(2) F32-C82-C78 113.1(3) 
F33-C82-F31 105.8(2) F33-C82-F32 106.7(2) F33-C82-C78 113.8(2) 
F34-C83-C80 112.0(2) F35-C83-F34 106.2(2) F35-C83-C80 112.5(2) 
F36-C83-F34 105.8(2) F36-C83-F35 106.6(2) F36-C83-C80 113.3(2) 
C85-C84-C89 115.8(2) C85-C84-B2 122.6(2) C89-C84-B2 121.6(2) 
C86-C85-C84 122.0(3) C85-C86-C90 119.3(3) C87-C86-C85 121.2(3) 
C87-C86-C90 119.6(3) C88-C87-C86 118.0(3) C87-C88-C89 121.2(3) 
C87-C88-C91 120.1(3) C89-C88-C91 118.5(3) C88-C89-C84 121.9(3) 
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Atoms Angle (°) Atoms Angle (°) Atoms Angle (°) 
F37-C90-F38 105.4(3) F37-C90-C86 113.1(2) F38-C90-C86 112.5(3) 
F39-C90-F37 106.1(3) F39-C90-F38 106.6(2) F39-C90-C86 112.5(3) 
F40-C91-C88 112.7(4) F41-C91-F40 106.3(3) F41-C91-C88 111.2(3) 
F42-C91-F40 106.0(4) F42-C91-F41 107.0(4) F42-C91-C88 113.2(3) 
C93-C92-B2 120.2(2) C97-C92-C93 115.2(2) C97-C92-B2 124.5(2) 
C94-C93-C92 122.4(3) C93-C94-C98 119.3(3) C95-C94-C93 121.2(3) 
C95-C94-C98 119.5(3) C94-C95-C96 117.6(3) C95-C96-C99 117.9(3) 
C97-C96-C95 121.1(3) C97-C96-C99 121.0(2) C96-C97-C92 122.5(2) 
F43-C98-C94 112.5(3) F44-C98-F43 105.4(3) F44-C98-C94 112.8(3) 
F45-C98-F43 105.2(3) F45-C98-F44 107.8(3) F45-C98-C94 112.5(3) 
F46-C99-C96 112.9(2) F47-C99-F46 106.1(3) F47-C99-F48 107.0(3) 
F47-C99-C96 112.9(2) F48-C99-F46 104.7(3) F48-C99-C96 112.5(3) 
C76-B2-C68 109.7(2) C76-B2-C84 111.3(2) C76-B2-C92 110.1(2) 
C84-B2-C68 107.6(2) C92-B2-C68 109.2(2) C92-B2-C84 108.8(2) 
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Table 14. DFT coordinates for 1
–
  
66 
Ru 0.0000110769  -0.0615919482 0.4242912693 
N 2.0081178162  0.3321328131  -0.0428396497 
N 0.0000167309  1.8897898121  0.0178174647 
N -2.0080978179 0.3321486586  -0.0428172502 
C 2.3151225169  1.6624824519  -0.1500726454 
C 3.0477181324  -0.6371865985 -0.1654945561 
C 1.2199668267  2.5468640177  -0.1188467225 
C -1.2199291647 2.5468734465  -0.1188370216 
C -2.3150923409 1.662500447  -0.1500515409 
C -3.0477104519 -0.6371622987 -0.1654384436 
C 3.7369982111  2.1226857482  -0.3418386402 
C 3.784852554  -1.0691936224 0.9596190001 
C 3.3202667508  -1.1956948634 -1.4359481373 
C 1.2190798269  3.9714622955  -0.2450976406 
C -1.2190323298 3.9714716302  -0.2450889202 
C -3.7369653009 2.1227148703  -0.3418109997 
C -3.7848416199 -1.0691297084 0.9596928162 
C -3.3202736279 -1.1957045277 -1.4358739615 
C 4.7622534174  -2.0588377166 0.7936170376 
C 3.5400465713  -0.4876078908 2.3316816111 
C 4.3052767508  -2.1831509079 -1.5528109451 
C 2.5664397514  -0.732356523  -2.6592582729 
C 0.0000261754  4.6499108117  -0.2916978159 
C -4.7622554458 -2.0587665922 0.79372537 
C -3.5400170845 -0.4875111812 2.331738392 
C -4.3052954184 -2.183153035  -1.5527019226 
C -2.5664507978 -0.7324076627 -2.6592020521 
C 5.0403331599  -2.6326232587 -0.4508863504 
C -5.0403499911 -2.6325847655 -0.4507597318 
H 4.3670425937  1.9013835519  0.5292078942 
H 3.7819471743  3.1989137591  -0.5166816117 
H 4.2071045433  1.6282751198  -1.2005073862 
H 2.1545390337  4.5149320093  -0.3112641254 
H -2.1544879436 4.5149485516  -0.3112471539 
H -4.2070868123 1.6282861987  -1.2004609021 
H -3.7819039333 3.198938696  -0.516682746 
H -4.3670024957 1.9014438269  0.5292487528 
H 5.3249116107  -2.3861663152 1.6661324553 
H 3.5623587873  0.6068060327  2.3200493724 
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H 4.2982620956  -0.8355696768 3.0389574734 
H 2.5572690236  -0.7729054012 2.7183033702 
H 4.5033433949  -2.6102938114 -2.5342586043 
H 2.8228487371  -1.3417858281 -3.5304388596 
H 2.79457135  0.3126399122  -2.9014732141 
H 1.4848727686  -0.7832574099 -2.4960141325 
H 0.0000299957  5.7337997043  -0.384707431 
H -5.3249111514 -2.3860642899 1.6662539961 
H -4.2982323873 -0.8354435228 3.0390289811 
H -3.5623130386 0.6069027487  2.3200783575 
H -2.5572410567 -0.7728134374 2.7183602171 
H -4.5033728223 -2.6103223771 -2.5341358982 
H -1.4848844503 -0.7832641605 -2.4959413324 
H -2.7946149241 0.3125687464  -2.9014745994 
H -2.8228320993 -1.3418906847 -3.5303532262 
C -0.0000002569 -1.9074532015 0.075084667 
O -0.0000134553 -3.0602781753 -0.1401375124 
C 0.0000179151  -0.2867120289 2.2459327834 
O 0.0000194149  -0.4480753132 3.4142841891 
C -6.1220922051 -3.6770683897 -0.6063393786 
H -6.2571913092 -4.2538044865 0.3138266713 
H -7.0903066538 -3.2183881316 -0.8455485294 
H -5.8895239525 -4.3769350458 -1.4150712037 
C 6.1220623437  -3.6771148233 -0.6065033035 
H 7.0902785265  -3.2184395344 -0.8457149641 
H 6.2571671901  -4.2538727359 0.313648204 
H 5.8894763269  -4.3769611886 -1.4152476309 
  
74 
 
Table 15. DFT coordinates for 1 
66 
Ru 0.000010665  -0.0746444467 0.2866972337 
N 2.0193929767  0.3544832754  -0.0542754715 
N 0.000017099  1.8639365804  -0.0445833237 
N -2.019374448  0.3545042799  -0.054229738 
C 2.3344125279  1.6527647527  -0.1574385456 
C 3.067770014  -0.6261109819 -0.1569566366 
C 1.2125464823  2.5398712038  -0.1516748466 
C -1.2125077502 2.5398838639  -0.15164694 
C -2.3343830339 1.652789052  -0.1573855252 
C -3.0677634858 -0.6260791476 -0.1568926221 
C 3.7548758214  2.1260356869  -0.309548235 
C 3.7725789383  -1.0523139509 0.9854919189 
C 3.3539507212  -1.1728171624 -1.4267639339 
C 1.2110334239  3.9294741211  -0.282336941 
C -1.2109831858 3.9294867156  -0.28230954 
C -3.7548442431 2.1260738188  -0.3094715773 
C -3.7725534213 -1.05227858  0.9855692073 
C -3.353975293  -1.1727788557 -1.4266954904 
C 4.7532545382  -2.0412347863 0.8327790016 
C 3.4969077014  -0.486035423  2.3589725217 
C 4.3399450365  -2.1599753601 -1.5237017716 
C 2.6284988639  -0.7041932227 -2.6660271593 
C 0.0000281498  4.627053062  -0.3330998097 
C -4.7532414941 -2.0411895413 0.8328734708 
C -3.4968501975 -0.4860036891 2.3590448308 
C -4.339980916  -2.1599276311 -1.5236160247 
C -2.6285433046 -0.7041593747 -2.6659720133 
C 5.0528016527  -2.6112412301 -0.4074359948 
C -5.0528190646 -2.6111898432 -0.4073371444 
H 4.3571031806  1.8710684486  0.5687870177 
H 3.8022642227  3.2061867797  -0.446728691 
H 4.2346187786  1.6555119608  -1.1738695498 
H 2.1478030572  4.4698166611  -0.3566924084 
H -2.1477488645 4.4698388465  -0.3566451372 
H -4.234581867  1.6556145584  -1.1738317637 
H -3.8022296771 3.2062350234  -0.4465736297 
H -4.3570784983 1.8710428191  0.5688396603 
H 5.2994986577  -2.3698146226 1.7143817648 
H 3.326974341  0.5938316422  2.3366223412 
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H 4.3378529065  -0.6840707695 3.0288166758 
H 2.605181724  -0.9372658803 2.8056897946 
H 4.557667013  -2.5838498559 -2.5016436951 
H 2.9363811118  -1.2883889768 -3.5368089998 
H 2.8349794643  0.3508036402  -2.8817612387 
H 1.5428888421  -0.7937582754 -2.553029537 
H 0.0000325835  5.7062655848  -0.4368429378 
H -5.2994709496 -2.3697665428 1.7144863555 
H -4.3377713158 -0.6840582475 3.0289134459 
H -3.326938249  0.5938670408  2.336695516 
H -2.6051018783 -0.9372193305 2.8057320768 
H -4.5577265212 -2.5837975738 -2.5015546631 
H -1.5429320676 -0.7937398212 -2.5529978026 
H -2.8350137778 0.3508412503  -2.8816970104 
H -2.936451964  -1.288347058  -3.5367499194 
C -0.0000054769 -1.9111370578 -0.1725043077 
O -0.0000159868 -3.0435792649 -0.4476492737 
C 0.0000304923  -0.4738040205 2.0903935125 
O 0.0000423202  -0.7017563177 3.2375307352 
C -6.1360983866 -3.6554356062 -0.5466077521 
H -6.2929127064 -4.1963383686 0.3911007253 
H -7.0944230667 -3.1982245827 -0.8236064321 
H -5.8905119429 -4.3845842298 -1.324809051 
C 6.1360684777  -3.6554973754 -0.546725968 
H 7.0943898524  -3.1982967653 -0.8237532509 
H 6.2929023566  -4.1963938038 0.3909828692 
H 5.8904558002  -4.3846503048 -1.3249149913 
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Table 16. DFT coordinates for 1
+
 
66 
Ru 0.0011066635  -0.0777463555 0.1711020908 
N 2.0537147437  0.3645758837  -0.099165907 
N 0.0011512727  1.9065056053  -0.0361626981 
N -2.053555041  0.3661144645  -0.0875207752 
C 2.3439733687  1.6524664729  -0.154063697 
C 3.0877646389  -0.6371659059 -0.1986254349 
C 1.1975184161  2.5569981237  -0.113663613 
C -1.1952841501 2.5579644781  -0.1040598856 
C -2.3428059642 1.6540847797  -0.1378915606 
C -3.0886876581 -0.6337156214 -0.1943890618 
C 3.7305429342  2.2054514916  -0.3025256018 
C 3.8360442516  -1.0022497739 0.9374647332 
C 3.2826708634  -1.2723260265 -1.4419214676 
C 1.2149708122  3.949414347  -0.199371965 
C -1.2124810106 3.9502582383  -0.189388915 
C -3.7302723616 2.2082903811  -0.2730388783 
C -3.8243114327 -1.0256052318 0.9403063599 
C -3.2961334835 -1.2391069446 -1.4501340005 
C 4.778174221  -2.0287276925 0.8018360624 
C 3.6526456662  -0.3222670329 2.2735645702 
C 4.2414590708  -2.2874924369 -1.5204261165 
C 2.4983618754  -0.8765347057 -2.6712422249 
C 0.0014603416  4.6446754187  -0.2226370006 
C -4.7684074012 -2.048436541  0.7889424097 
C -3.6241305187 -0.3800349042 2.2908204636 
C -4.2521116745 -2.2551137947 -1.5436896189 
C -2.5299213876 -0.7984629531 -2.6745576842 
C 4.9982052639  -2.6848624324 -0.4129416711 
C -4.9988302981 -2.6773343904 -0.4382895761 
H 4.4688480101  1.411588411  -0.4016678772 
H 3.990820827  2.8208584722  0.5655715501 
H 3.7877103579  2.8485453552  -1.1866215409 
H 2.155484373  4.4839044762  -0.2565130175 
H -2.1530236214 4.4854343598  -0.2389735345 
H -3.7965782739 2.8503884626  -1.1572203621 
H -3.980242597  2.8248584552  0.5972833245 
H -4.4704117376 1.4149887507  -0.3626642034 
H 5.3573453126  -2.3180921059 1.6753726927 
H 3.8593281521  0.7520631936  2.2212269262 
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H 4.3309993537  -0.7516662012 3.0141319042 
H 2.6328009861  -0.4339681731 2.6524708662 
H 4.3997898847  -2.7785757838 -2.4775690195 
H 2.8699821929  -1.4110897662 -3.5484823754 
H 2.5714800085  0.1968790429  -2.8753247527 
H 1.4314825444  -1.1092422737 -2.5683657732 
H 0.0015840278  5.7266503452  -0.2868913529 
H -5.3396721582 -2.3580438788 1.6607303236 
H -4.3346340229 -0.7855704597 3.0145287969 
H -3.7697788143 0.7046941716  2.2562035852 
H -2.6171081716 -0.5557411433 2.6806340923 
H -4.4167372505 -2.7260293512 -2.5098791045 
H -1.4469906333 -0.840296917  -2.512578858 
H -2.7684825125 0.2353908991  -2.9502975235 
H -2.7704425598 -1.4353326824 -3.528789075 
C -0.0014994927 -1.9857150079 0.0138683665 
O -0.0044991989 -3.1376433499 -0.0645775517 
C 0.003889579  -0.2317494682 1.9999858915 
O 0.0053342547  -0.2945277736 3.1580212692 
C -6.0453198524 -3.7576972539 -0.5751629852 
H -6.2114118193 -4.2753566284 0.373735943 
H -7.0076403409 -3.3350812927 -0.8897504851 
H -5.7571987028 -4.4996895844 -1.3256359235 
C 6.0452958321  -3.766401419  -0.5347413245 
H 7.0106437923  -3.3458917752 -0.8428405458 
H 6.2029644716  -4.2784867547 0.4186838099 
H 5.7633825375  -4.5126395026 -1.2832281122 
  
78 
 
Table 17. DFT coordinates for 2
–
  
77 
Ru -0.0107958349 0.3804118785  0.434267688 
N 2.0213533671  0.7594333822  -0.0534035947 
N -0.0046026641 2.3014461835  -0.0718653521 
N -2.0324721596 0.7632668854  -0.0800525752 
C 2.3169825953  2.0998852294  -0.1888778182 
C 3.101686985  -0.1553357196 -0.2018130549 
C 1.2182056693  2.9681431954  -0.204128816 
C -1.2238743248 2.9695001325  -0.2273040876 
C -2.3243258981 2.1028938916  -0.2264363618 
C -3.1244990469 -0.1457042834 -0.170287014 
C 3.7382467449  2.5779458579  -0.3494112843 
C 3.8615180736  -0.5901997415 0.9096963204 
C 3.4398824655  -0.6256131684 -1.4941540903 
C 1.2166367928  4.3892340364  -0.3630783996 
C -1.2177126807 4.3901840399  -0.389440062 
C -3.7393283865 2.5804137685  -0.4358998413 
C -3.8948236589 -0.4889052064 0.9652723683 
C -3.4506256891 -0.7139622216 -1.4241081998 
C 4.9009668716  -1.5089082154 0.7137391391 
C 3.5851414437  -0.0609983873 2.2962646756 
C 4.4853880259  -1.5457765051 -1.642472796 
C 2.7075116145  -0.1163854578 -2.7130850007 
C 0.0003847229  5.0702262771  -0.4405545025 
C -4.9442959457 -1.4055342464 0.8295028618 
C -3.6082300297 0.1228742536  2.3154728852 
C -4.5059150025 -1.6305586574 -1.5128487493 
C -2.6852685187 -0.3234401458 -2.6658271916 
C 5.2258103477  -2.0110681249 -0.5509667947 
C -5.264247789  -1.9987254112 -0.3964649395 
H 4.3712125644  2.2919294758  0.5005978718 
H 3.7795517538  3.6651373135  -0.4363585099 
H 4.2179122399  2.1604767884  -1.2444827943 
H 2.1532532562  4.9307458977  -0.4359207115 
H -2.1522466526 4.9328809198  -0.4784755219 
H -4.1985638761 2.1227809725  -1.3219706237 
H -3.7717638276 3.6623811178  -0.5755161444 
H -4.3950707654 2.3380549455  0.4103310758 
H 5.4795323263  -1.8332129432 1.5772273759 
H 3.7124727159  1.0266075735  2.3435975831 
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H 4.2645354174  -0.510957553  3.0262562269 
H 2.5559936479  -0.2638104515 2.6037599528 
H 4.7328473294  -1.8998084698 -2.6418810237 
H 3.0040088593  -0.6710422391 -3.6082313254 
H 2.916267206  0.9452491143  -2.8914731806 
H 1.6233940621  -0.2002320331 -2.5877000975 
H 0.002102025  6.1517994471  -0.5617048173 
H -5.5311146151 -1.6610346572 1.7104301583 
H -4.2906999611 -0.2724029603 3.0737122554 
H -3.720055494  1.2130371754  2.2979058778 
H -2.5801825084 -0.0740580661 2.6316524021 
H -4.7453952997 -2.0614212059 -2.4836680879 
H -1.605701999  -0.4027834362 -2.5029192214 
H -2.8777218927 0.7197138004  -2.9450955035 
H -2.9656704121 -0.9540045725 -3.5147820952 
C -0.0168276392 0.2615312417  2.2291374736 
O -0.0162438988 0.3026042643  3.421806599 
P 0.0084092002  -2.007150115  0.2701504921 
C -1.5110206707 -2.9686404871 0.7296739285 
H -2.3281114987 -2.7454070976 0.0432580766 
H -1.2953308519 -4.0418894306 0.7006352735 
H -1.8274236083 -2.6966560533 1.7398392019 
C 1.2292648645  -2.901993347  1.3421804528 
H 2.2434627261  -2.565476809  1.1219753344 
H 1.0117823852  -2.6801029447 2.3908651752 
H 1.1641929852  -3.9840056477 1.1868854941 
C 0.3849990883  -2.7855452749 -1.3755530158 
H 0.3514126311  -3.8787318859 -1.3113116007 
H -0.3443716305 -2.4508625066 -2.1178781893 
H 1.3811512521  -2.4791579973 -1.701860303 
C -6.3790617933 -3.0140138921 -0.5068250572 
H -6.0201710929 -4.0300087167 -0.2970156511 
H -7.1833455432 -2.8049043194 0.2058113443 
H -6.8111866449 -3.0265107289 -1.5123309196 
C 6.3289215464  -3.0292560141 -0.7287915385 
H 7.113372347  -2.9052831502 0.024577369 
H 5.9492047635  -4.0547305423 -0.6320909943 
H 6.7918960254  -2.9497602381 -1.7174206739 
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Table 18. DFT coordinates for 2 
77 
Ru -0.0090379016 0.3595327708  0.3300278186 
N 2.0389227901  0.7861866717  0.0150254079 
N 0.0011633913  2.2702569981  -0.1207774494 
N -2.0453146716 0.7919378976  -0.0582065315 
C 2.3409779936  2.0912216908  -0.1249781201 
C 3.1345334147  -0.1390915649 -0.0566915965 
C 1.2162466203  2.958879605  -0.1943774386 
C -1.2083600934 2.9621505942  -0.2387030315 
C -2.3376413763 2.0977447496  -0.2092248027 
C -3.1421546585 -0.1287168252 -0.1642964056 
C 3.7598186815  2.5839519807  -0.2445023083 
C 3.8307556729  -0.5331187263 1.1049172406 
C 3.507125083  -0.6483535702 -1.3193717462 
C 1.217652251  4.3447152084  -0.3581859775 
C -1.2000881712 4.3478536396  -0.4025821061 
C -3.7496733888 2.5954753442  -0.3787549921 
C -3.8775292534 -0.5176469338 0.9745621124 
C -3.475354642  -0.6389672055 -1.437460518 
C 4.8698925186  -1.4628828781 0.9806189343 
C 3.4806738817  0.0183737254  2.4663914442 
C 4.5446804878  -1.5860381978 -1.3894182968 
C 2.8348587362  -0.1723617058 -2.5863412808 
C 0.0111880462  5.0451293032  -0.4573416593 
C -4.9174700727 -1.4414696739 0.8178033708 
C -3.5682409291 0.032914973  2.3462252752 
C -4.516375297  -1.5697446721 -1.5402539624 
C -2.7537705501 -0.1750684906 -2.6813725448 
C 5.2402409939  -2.0098956831 -0.2526524461 
C -5.2515104937 -1.9873239105 -0.4261856459 
H 4.3641164279  2.2802540278  0.6164010976 
H 3.798705425  3.6711849449  -0.3114464296 
H 4.2515724816  2.178300348  -1.1356446877 
H 2.1570731352  4.8828471997  -0.4169241361 
H -2.1352346093 4.8885109568  -0.4959122476 
H -4.2111387042 2.1911752466  -1.2865683474 
H -3.7823589869 3.6828039098  -0.4472250756 
H -4.3848848527 2.2940981002  0.4604164649 
H 5.4039577457  -1.76802462  1.8781818475 
H 3.4106048904  1.1107635612  2.4598024609 
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H 4.2376540308  -0.2676628371 3.2015537648 
H 2.5126197992  -0.3530175359 2.815165669 
H 4.8211590732  -1.9861130904 -2.3627710026 
H 3.0809337622  -0.8270539293 -3.4268039715 
H 3.1607949764  0.8408024232  -2.8532865631 
H 1.7472805148  -0.130710477  -2.4765427476 
H 0.0150051246  6.1216463579  -0.5882050706 
H -5.48186268  -1.7425161502 1.6980302223 
H -4.3524263416 -0.2441176311 3.0558711794 
H -3.4865204412 1.1244661087  2.3404334607 
H -2.6163968463 -0.3479790504 2.727872239 
H -4.7628974531 -1.9701487738 -2.5214739532 
H -1.6698982742 -0.1520531152 -2.5347892235 
H -3.0522921569 0.8434640638  -2.9595256016 
H -2.9824392447 -0.8264138496 -3.5292741861 
C -6.3945959571 -2.9659026539 -0.5667589448 
H -6.4964419318 -3.5933698169 0.3239214704 
H -7.3498510264 -2.4436426014 -0.7049052173 
H -6.2556391758 -3.6209879032 -1.4318884765 
C 6.3805643621  -2.9961817139 -0.3572819768 
H 7.3434683909  -2.4804172726 -0.4627650713 
H 6.4485194644  -3.6259340313 0.5350186587 
H 6.2656620332  -3.6487871194 -1.2277943692 
C -0.0414728239 0.0691351706  2.1147593157 
O -0.0612882971 0.0041860894  3.2958690318 
P -0.0029362116 -2.0330327798 -0.0001618021 
C -1.4434667359 -2.9896717243 0.6620068156 
H -2.3619649607 -2.7060568081 0.1483416566 
H -1.2712844984 -4.0621864288 0.5272151079 
H -1.5628947205 -2.7806202343 1.7283281445 
C 1.37323856  -2.9926333635 0.7831721824 
H 2.334847497  -2.6989115957 0.3624990785 
H 1.3895637382  -2.7943815332 1.8582591492 
H 1.2205895144  -4.0644919887 0.622116865 
C 0.0696977929  -2.6868693224 -1.7349400834 
H 0.055792289  -3.7818306109 -1.734723535 
H -0.7867735216 -2.3217918933 -2.3059140492 
H 0.985147929  -2.3449277974 -2.2221538169 
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Table 19. DFT coordinates for 2
+
 
77 
Ru 0.007410431  0.3555501149  0.2599734937 
N 2.0796733424  0.7985824226  -0.0639869992 
N 0.0050393178  2.3150184572  -0.1454560261 
N -2.0643180968 0.7930695726  -0.0632545878 
C 2.3490780333  2.0888867709  -0.2150247988 
C 3.1550941132  -0.1519972208 -0.164924051 
C 1.1995480369  2.9741733132  -0.2450476232 
C -1.1915012809 2.9720935518  -0.2377359719 
C -2.3380001931 2.0845285235  -0.2071171521 
C -3.1352874324 -0.1601611627 -0.1859455125 
C 3.7288309812  2.6547133964  -0.4084445037 
C 3.9279453967  -0.4841644667 0.9640286044 
C 3.3948836167  -0.7534032353 -1.4169087817 
C 1.2140972897  4.3596455515  -0.4097540625 
C -1.2087184686 4.3582985094  -0.4011104673 
C -3.7201008875 2.6462608551  -0.3955513262 
C -3.9063958374 -0.5237456755 0.9345913677 
C -3.3810026748 -0.7240635707 -1.4549066852 
C 4.9351045577  -1.4448764964 0.8162478589 
C 3.6940458962  0.1698409297  2.3044696678 
C 4.4085036226  -1.713606205  -1.5085096238 
C 2.6062009154  -0.3588862433 -2.6440733416 
C 0.0016836443  5.0542064681  -0.4783946509 
C -4.9085381437 -1.4874624878 0.7636115447 
C -3.6842986351 0.109928233  2.2868404908 
C -4.390186935  -1.6862918442 -1.569732916 
C -2.6080385804 -0.2797511473 -2.6755517442 
C 5.191397415  -2.0750282716 -0.4059556049 
C -5.1649813778 -2.0851990652 -0.4746224558 
H 4.4943471006  1.8839926203  -0.3434712904 
H 3.9372714842  3.4169386716  0.3494451357 
H 3.8090039686  3.1392525875  -1.3875469822 
H 2.1551203637  4.8911049738  -0.4886639165 
H -2.1509766443 4.8885485667  -0.4733118446 
H -3.8114953455 3.1165022409  -1.3807860055 
H -3.921610023  3.4191126853  0.3532353631 
H -4.4845154838 1.8761734753  -0.3116813066 
H 5.5329221154  -1.7081247956 1.6857241234 
H 3.8377110436  1.2551541263  2.2598960402 
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H 4.3874509939  -0.2259832836 3.0502265601 
H 2.6751995556  0.0005669216  2.6662475667 
H 4.5938610802  -2.1848402172 -2.4710085313 
H 2.8390488628  -1.0209050373 -3.4816035666 
H 2.839635291  0.6660847892  -2.9565384765 
H 1.5251351275  -0.393310635  -2.4685841838 
H 0.0005749041  6.1309354025  -0.6037326269 
H -5.504997509  -1.7741861559 1.6265166764 
H -4.359272522  -0.3229140446 3.0288891549 
H -3.8657553893 1.1903624021  2.2624117625 
H -2.658246437  -0.0305168129 2.6390316863 
H -4.5798352432 -2.1276722327 -2.5454410745 
H -1.5249848043 -0.3264144725 -2.5171474762 
H -2.8437888613 0.757675715  -2.940799804 
H -2.8548178101 -0.9054578447 -3.5366824618 
C 0.0128713263  0.3996969206  2.0524387607 
O 0.0123623934  0.4969236202  3.2200067931 
P -0.0128843011 -2.0672315538 0.3793039977 
C -1.2567318531 -2.8128776531 1.5189807416 
H -2.2647742167 -2.50362431  1.2401511335 
H -1.1906174527 -3.9041617378 1.4795119217 
H -1.0577750741 -2.4839053537 2.5423763701 
C 1.5175848842  -2.9342160367 0.9342025354 
H 2.3308424512  -2.7667620158 0.2278577462 
H 1.822770054  -2.5652954975 1.916082037 
H 1.3165799078  -4.0074656321 1.0043403302 
C -0.3755818924 -2.9176175621 -1.2204333308 
H -0.3144943677 -4.0025525577 -1.0909349065 
H -1.3804876896 -2.6557078903 -1.5570946159 
H 0.3455997705  -2.6081542927 -1.9806366713 
C -6.2702168624 -3.1022922737 -0.6352555448 
H -6.472429087  -3.6246154253 0.3040678103 
H -7.205029607  -2.6214661205 -0.9493388325 
H -6.0192003147 -3.8478810568 -1.395521475 
C 6.3018017512  -3.0902775148 -0.5412516107 
H 7.2438695657  -2.6073880178 -0.8295025106 
H 6.4810724368  -3.6146751094 0.4017250937 
H 6.0711705027  -3.8342494205 -1.3093670751 
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Table 20. DFT coordinates for 3
–
. 
88 
Ru 0.0121790167  0.3386443977  0.3322097157 
N 2.0486797091  0.5832032745  -0.3118391779 
N -0.0095145385 2.0732849611  -0.6525916358 
N -2.058437175  0.5859734522  -0.223766226 
C 2.3125444515  1.8462670703  -0.7957693177 
C 1.2042441629  2.693469677  -0.9584682023 
C 1.1938373148  4.0493726629  -1.4170279188 
H 2.1251970141  4.5604896672  -1.6361932396 
C -0.0278540115 4.7002549777  -1.601938189 
H -0.0348399308 5.7304432416  -1.9547483732 
C -1.241622387  4.0502077125  -1.3664295345 
H -2.1805407691 4.5623448104  -1.5475231646 
C -1.2344760693 2.6949106965  -0.9067775043 
C -2.3368788556 1.849902071  -0.696436271 
C 3.0545973012  -0.3987833812 -0.5306843226 
C 3.9698570909  -0.7879736125 0.4777594352 
C 4.9194668754  -1.7832440178 0.209436235 
H 5.6146026996  -2.0641896773 0.9993490607 
C 5.0162433687  -2.411147212  -1.0358786748 
C 4.1322665624  -1.9919965419 -2.0357643825 
H 4.196173469  -2.4447130658 -3.0242825744 
C 3.1670142874  -1.0031892215 -1.8123723047 
C 3.974927477  -0.118849295  1.82967847 
H 4.7133097441  -0.5828698361 2.4908644426 
H 2.9955815052  -0.1752690055 2.31064127 
H 4.2218967415  0.9455824003  1.7459799417 
C 2.258802273  -0.583578284  -2.9420337727 
H 1.2058972896  -0.6760644948 -2.6507422934 
H 2.4339613435  -1.1942066123 -3.8329284394 
H 2.4084918894  0.4675938912  -3.2138760836 
C 3.7161827997  2.2670363439  -1.157274832 
H 4.4207726766  2.0931544099  -0.3330981537 
H 3.760179329  3.3294865075  -1.4058207069 
H 4.1135382885  1.7158851519  -2.0214476481 
C -3.7526080011 2.2755976232  -1.0015756274 
H -4.1805730314 1.7365396033  -1.8588469539 
H -3.8052538604 3.3414990869  -1.232976375 
H -4.4268335581 2.0894603589  -0.1552781545 
C -3.0824972459 -0.3876635816 -0.3938657132 
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C -3.9575400768 -0.7632326857 0.6541935067 
C -4.9341044503 -1.7430625914 0.4292789067 
H -5.5979055554 -2.0125457463 1.2495625977 
C -5.0951172626 -2.3704940563 -0.8095349948 
C -4.2444946401 -1.9712012394 -1.845895407 
H -4.3550843717 -2.4271927932 -2.8287772912 
C -3.2543421217 -0.9986700778 -1.6655105569 
C -3.8866857515 -0.0980901017 2.0055378098 
H -2.87541417  -0.1383711064 2.4161567902 
H -4.5707931666 -0.576866351  2.7129327644 
H -4.1578582822 0.9623254731  1.9436349152 
C -2.3753021802 -0.6075964449 -2.8273972246 
H -2.6048353866 -1.2075377436 -3.7131648615 
H -1.3181341579 -0.7435051148 -2.5710078729 
H -2.4922883994 0.4500616873  -3.0894987052 
C -6.1352768771 -3.4476939481 -1.0169123085 
H -6.9828332323 -3.3220967398 -0.3354870869 
H -6.5210541818 -3.4411550679 -2.0416228947 
H -5.7227628769 -4.4491398225 -0.8362445285 
C 6.0264619223  -3.5071104436 -1.2879940023 
H 6.3660572197  -3.5084513008 -2.3289186368 
H 6.9058111442  -3.3965479214 -0.6453028169 
H 5.6043412916  -4.5007333213 -1.0873343654 
P 0.0362562269  -1.9560574053 0.8665269272 
C 1.4317864202  -2.7326608109 1.8330060458 
H 1.4648510072  -2.3017975038 2.8378401204 
H 2.3870858995  -2.5377548776 1.3435744556 
H 1.2881249624  -3.8154828991 1.9219224077 
C 0.0510185972  -3.1084425712 -0.6048805349 
H 0.0671668341  -4.1627786835 -0.3037760452 
H 0.9343477157  -2.8986443088 -1.2146714727 
H -0.8401389255 -2.9262745623 -1.2122284072 
C -1.3553719118 -2.7525443569 1.8222246123 
H -2.3109545702 -2.5587118491 1.332810091 
H -1.3942479882 -2.3299928908 2.8305106206 
H -1.2044436371 -3.8350223063 1.9029201171 
P 0.0476242005  1.2539310384  2.3881991565 
C 0.0755617588  0.3429816222  4.0194487076 
H 0.0862544045  1.0370296109  4.8682532316 
H 0.9644904307  -0.2918964349 4.0744422693 
H -0.8068650629 -0.2981829308 4.101371944 
C 1.4620670132  2.4340933557  2.6953612018 
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H 1.2638618299  3.0784792821  3.5588254587 
H 1.6099395319  3.0491238456  1.802928717 
H 2.3833377603  1.8777726423  2.8735835263 
C -1.3476745205 2.4423689601  2.749525712 
H -2.2637118134 1.8926046515  2.9690635196 
H -1.5297820646 3.0544227651  1.8614088499 
H -1.1090930527 3.0890615549  3.6008842779 
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Table 21. DFT coordinates for 3 
88 
Ru -0.0057864854 0.3658020712  0.2552286974 
N 2.0082917519  0.5859727086  -0.345421949 
N -0.0097558989 2.0424957292  -0.7888855474 
N -2.0331186342 0.6107043269  -0.2891047065 
C 2.3177109121  1.7880666466  -0.8846120975 
C 1.2017185919  2.6475779742  -1.1094079327 
C 1.2036150753  3.9346352827  -1.6561646833 
H 2.1397376039  4.4218567656  -1.9062694438 
C -0.009340125  4.5933115169  -1.8946797777 
H -0.008536182  5.5909452562  -2.3220448068 
C -1.2219756215 3.9599789381  -1.6027816299 
H -2.1582628184 4.4664706246  -1.8109070716 
C -1.2237483993 2.6695346829  -1.0596561694 
C -2.3427770161 1.8250931911  -0.8069939282 
C 3.0252296107  -0.4264715192 -0.4577940757 
C 3.9439633189  -0.6900235841 0.5785757195 
C 4.894448434  -1.7064685192 0.406574732 
H 5.5949972997  -1.9021937687 1.2158433063 
C 4.9731679717  -2.4670374753 -0.7619568297 
C 4.0643325657  -2.1753324315 -1.7849629049 
H 4.1073878798  -2.743345707  -2.7122764965 
C 3.1028013811  -1.1667050151 -1.6635089105 
C 3.9417180236  0.1022154159  1.8613231974 
H 4.6704884365  -0.3025230766 2.5687030446 
H 2.95760313  0.0863164726  2.3350096268 
H 4.1975051544  1.1536123343  1.6869363303 
C 2.1805227387  -0.876219997  -2.8231440237 
H 1.1319065131  -0.9006053908 -2.5096648695 
H 2.3251563154  -1.6050970093 -3.6251711236 
H 2.3571906099  0.1217590674  -3.2410359813 
C 3.7140449549  2.1505949545  -1.321946743 
H 4.4518819898  1.9277020756  -0.5448088927 
H 3.7896100356  3.2139743535  -1.5546892841 
H 4.0220017656  1.5967732895  -2.2182392326 
C -3.7452192271 2.2067711905  -1.2080450643 
H -4.0755274018 1.6758185412  -2.1104456495 
H -3.8170811011 3.2757439205  -1.4158031158 
H -4.4695872957 1.9725433531  -0.4218489245 
C -3.0534808211 -0.3966903491 -0.4177034138 
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C -3.9731287819 -0.6803535206 0.6140819435 
C -4.9242853258 -1.6919953584 0.422241153 
H -5.629979192  -1.8974876375 1.2247167582 
C -5.0017720161 -2.4331314624 -0.7595409784 
C -4.1035775761 -2.1118771528 -1.7819833012 
H -4.157085192  -2.651553986  -2.7255097342 
C -3.1432238406 -1.1035614193 -1.6424200513 
C -3.9731096616 0.0854618851  1.9129025047 
H -3.0788776909 -0.1349502216 2.5036698038 
H -4.8463199848 -0.1783400296 2.51584746 
H -3.9877344104 1.1661472403  1.7469775751 
C -2.2467133853 -0.7684647634 -2.8101856558 
H -2.3459850506 -1.5150876573 -3.6028151982 
H -1.198072122  -0.7145595202 -2.5018071332 
H -2.4950000534 0.209339387  -3.2404782346 
P -0.014912438  -1.9082303632 0.9467350836 
C 1.3925018721  -2.6137989477 1.939740105 
H 1.4591500682  -2.1031047403 2.9040390544 
H 2.3371669452  -2.4774156055 1.4119775391 
H 1.2340682987  -3.6823866391 2.1203727459 
C -0.0447506577 -3.1519229444 -0.4406125243 
H -0.0535813711 -4.1797291263 -0.0608377747 
H 0.8387227684  -3.013600929  -1.0695460371 
H -0.936844795  -2.9909611904 -1.0518326325 
C -1.4065067224 -2.5893667307 1.9781125355 
H -2.3614020416 -2.4458327783 1.4708944235 
H -1.4444960832 -2.0708622474 2.9401629276 
H -1.2572948296 -3.6584382837 2.1636706076 
P 0.0654449228  1.3851748382  2.2889439328 
C 0.2987862788  0.5423202539  3.9316489323 
H 0.2846501066  1.2700586415  4.7503766596 
H 1.2537386884  0.0110947335  3.9516606264 
H -0.5017747407 -0.1844366887 4.0924245837 
C 1.3740048885  2.7015649372  2.408426478 
H 1.2903375539  3.2354146136  3.3603452635 
H 1.2448205991  3.4116070075  1.5876310366 
H 2.3704541675  2.2693304063  2.3260948878 
C -1.4049846757 2.4488301081  2.6941471411 
H -2.2280155216 1.8347451616  3.0593078154 
H -1.7391896885 2.9724154822  1.793975152 
H -1.1442383474 3.1831752074  3.4629412137 
C -6.0115591323 -3.5450315587 -0.9247210953 
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H -6.8878242118 -3.3868146838 -0.2887788169 
H -6.3528734413 -3.6252319739 -1.961617491 
H -5.5832406049 -4.5176286922 -0.650634177 
C 6.0199790035  -3.5435759686 -0.932314226 
H 6.8470960508  -3.199458249  -1.5660350809 
H 6.446918164  -3.8411413939 0.0297092666 
H 5.6025702803  -4.4364269917 -1.4094568219 
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Table 22. DFT coordinates for 3
+
 
88 
Ru -0.0035219106 0.3337317818  0.2114051506 
N 2.0372037002  0.6057235516  -0.339346745 
N -0.0163938165 2.0875656891  -0.7259749561 
N -2.0651454074 0.6199274183  -0.2662335608 
C 2.3129064965  1.7996484605  -0.8655656398 
C 1.1777176013  2.6785219782  -1.0553600641 
C 1.1866986277  3.9655197531  -1.5990221444 
H 2.1242242416  4.4435050467  -1.8579212435 
C -0.0268548939 4.6255449838  -1.8209422103 
H -0.0304155558 5.6257412994  -2.239850756 
C -1.2354890697 3.9864727501  -1.5297959122 
H -2.1776984806 4.4807593462  -1.7355446191 
C -1.2185801568 2.6958816485  -0.9911096171 
C -2.3517141763 1.8244259746  -0.7662169551 
C 3.0470215043  -0.4195442476 -0.4613050227 
C 3.9727801584  -0.67675785  0.5678495698 
C 4.9028854008  -1.7108240061 0.3946338714 
H 5.614248261  -1.9056138842 1.1938716619 
C 4.9458482819  -2.4902570862 -0.7637054039 
C 4.0247415724  -2.2007754669 -1.7762574063 
H 4.0426219705  -2.7841642967 -2.6940962799 
C 3.0826572517  -1.1739820355 -1.6566509207 
C 4.0018663079  0.1416158081  1.8334600969 
H 4.7410786504  -0.2540763811 2.5339862899 
H 3.0291357476  0.1397376999  2.331292941 
H 4.2626805356  1.1870746381  1.6327512013 
C 2.1460586226  -0.8845468032 -2.8065258735 
H 1.0968529846  -0.9303111359 -2.4974344401 
H 2.293969487  -1.607198864  -3.6127237405 
H 2.3092073076  0.1158857608  -3.2227757478 
C 3.6751689433  2.2195031179  -1.3490194237 
H 4.459416714  1.5766090532  -0.9513177242 
H 3.8862635944  3.2488832455  -1.0453178387 
H 3.7342759595  2.1863762128  -2.4437542535 
C -3.7268852294 2.2523938901  -1.2053411211 
H -3.8356460848 2.1827299513  -2.2947449759 
H -3.9090766584 3.2943960347  -0.9284606415 
H -4.5034883691 1.6369106934  -0.7527628555 
C -3.075529761  -0.403923663  -0.407076732 
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C -4.0076303551 -0.6857188611 0.6107615954 
C -4.9380907836 -1.7139596664 0.4062649995 
H -5.6589918764 -1.9219343596 1.1935606856 
C -4.974273445  -2.4680858106 -0.7689732498 
C -4.0556073337 -2.147270511  -1.7736269275 
H -4.0777551292 -2.6990197959 -2.7107041379 
C -3.1138918972 -1.1239134569 -1.6239493868 
C -4.0463340506 0.0955081009  1.8996441023 
H -3.1534841887 -0.0921506898 2.5039526866 
H -4.9163505174 -0.1898905437 2.4959744584 
H -4.0993135467 1.1737386894  1.7216194079 
C -2.1841336667 -0.797971607  -2.7695788518 
H -2.3411309322 -1.4907958962 -3.5998761294 
H -1.1334291573 -0.8607797019 -2.4692053919 
H -2.3431604336 0.2176378099  -3.1488252823 
P -0.0060959035 -1.9432607681 1.0034943571 
C 1.4116702112  -2.6174223375 1.9875159955 
H 1.4812711446  -2.1089124896 2.9515067893 
H 2.3490378842  -2.4734235688 1.4487620284 
H 1.2623398617  -3.6866008928 2.1677845639 
C -0.0335448395 -3.1474940334 -0.4073268357 
H -0.0441399989 -4.176800511  -0.0346723941 
H 0.8531415517  -3.0047158153 -1.0296163141 
H -0.9253898127 -2.9811926689 -1.0162011984 
C -1.4168962352 -2.5851279507 2.0183725432 
H -2.3567204764 -2.4540611363 1.4806079116 
H -1.4812226119 -2.0467024645 2.9670271975 
H -1.2706865384 -3.6489531047 2.2300884969 
P 0.0750145832  1.4259517894  2.2221481625 
C 0.3304436417  0.5086053919  3.8072489584 
H 0.3033991271  1.2106679475  4.6463724152 
H 1.2985164159  0.0038429563  3.8057052192 
H -0.4545564751 -0.2369845205 3.9475872039 
C 1.3825987881  2.7322038512  2.339757984 
H 1.3449582632  3.1912225947  3.3318609518 
H 1.2009588937  3.5041901917  1.5889268116 
H 2.3755042484  2.3162881986  2.1764571278 
C -1.4004032201 2.4588637402  2.6414006266 
H -2.2488785071 1.8292686903  2.9032892333 
H -1.6769064263 3.0846778805  1.7896388143 
H -1.1601749136 3.1038421086  3.4917465449 
C -5.9642363361 -3.5946563244 -0.9482106263 
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H -6.8450367113 -3.4568285898 -0.3145718647 
H -6.2983179695 -3.6711321796 -1.9874886223 
H -5.5174550991 -4.5603928561 -0.6808792853 
C 5.9725230935  -3.5848193149 -0.9356784667 
H 6.82342733  -3.2379290025 -1.5350993788 
H 6.3659729261  -3.9185646309 0.0284879522 
H 5.548801721  -4.4522817981 -1.4512188488 
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Table 23. DFT coordinates for 3
2+
 
88 
Ru 0.0059032975  0.3035648017  0.1749833186 
N 2.0710181079  0.6263043136  -0.3314036458 
N -0.0223359467 2.1140607231  -0.69905299 
N -2.1005455834 0.626431842  -0.2310418309 
C 2.3140343151  1.7979406052  -0.8640992983 
C 1.1507585642  2.7007658066  -1.0213980113 
C 1.166539285  3.9940109942  -1.5513935868 
H 2.1020191444  4.4752876844  -1.8075098056 
C -0.0486191854 4.6514944591  -1.7525752434 
H -0.0587123492 5.6586570988  -2.1531720993 
C -1.2519231213 4.003401082  -1.4674093633 
H -2.1988807804 4.4925089054  -1.6579660698 
C -1.2105264486 2.7075682384  -0.9444683416 
C -2.3668773442 1.8051950168  -0.7345790574 
C 3.0766252402  -0.4107022463 -0.4722347289 
C 4.0190000191  -0.6645069014 0.5405070703 
C 4.9316617203  -1.7097460656 0.3497303525 
H 5.664352176  -1.9028833861 1.1290551618 
C 4.9324492251  -2.5009197122 -0.8019297415 
C 3.997911413  -2.202265558  -1.7989909014 
H 3.9953886673  -2.7841272526 -2.7172408244 
C 3.0703203888  -1.1638601397 -1.6671557318 
C 4.0927409482  0.165162613  1.7969600132 
H 4.8707997892  -0.2140337307 2.4627400855 
H 3.1481322059  0.1470739005  2.3475239279 
H 4.3290467106  1.2125750168  1.578668031 
C 2.1230979084  -0.8639638307 -2.8072971283 
H 1.0745204824  -1.0128488545 -2.5283386104 
H 2.3307650715  -1.5227074855 -3.6532908165 
H 2.2171783419  0.1676131604  -3.1622673449 
C 3.6404637162  2.2480501804  -1.3968661339 
H 4.4164473379  1.5024459937  -1.2377752632 
H 3.9362848396  3.1783316911  -0.8995132114 
H 3.5705742961  2.4631569788  -2.4686650561 
C -3.715829463  2.2649739057  -1.1988964319 
H -3.687205453  2.5234770025  -2.2626378739 
H -3.9990763838 3.1723938389  -0.6536437324 
H -4.4805213971 1.5078639113  -1.0401342303 
C -3.1123088229 -0.410408718  -0.3478450882 
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C -4.0314127317 -0.676061819  0.6839145971 
C -4.9403988301 -1.7277721204 0.5075287372 
H -5.6547542228 -1.9282989966 1.3019614569 
C -4.9634432618 -2.5137163152 -0.6467415183 
C -4.0604642902 -2.1972401098 -1.6667700064 
H -4.0802189064 -2.7685833059 -2.5913872741 
C -3.1392241136 -1.1513875104 -1.550988345 
C -4.0893400775 0.1368045576  1.9523573111 
H -3.2234059022 -0.0595422993 2.5925721809 
H -4.982639782  -0.1178423963 2.52670513 
H -4.1204102274 1.2113106898  1.7500278035 
C -2.2437710304 -0.8216053383 -2.7240746179 
H -2.4211444484 -1.5219593565 -3.5430783631 
H -1.1802760776 -0.876236045  -2.4716278355 
H -2.4293237464 0.1871659246  -3.1090122935 
P 0.0171531201  -1.9785249746 1.0235032701 
C 1.4664801138  -2.6486677892 1.9510545388 
H 1.570983971  -2.1524545817 2.9174916004 
H 2.3833179118  -2.5020779454 1.379154645 
H 1.3196309257  -3.7187874209 2.1246871479 
C -0.0555394309 -3.1360242565 -0.418427612 
H -0.0649208602 -4.1700668863 -0.0608859062 
H 0.8175467839  -2.9916733276 -1.0583371815 
H -0.9625354681 -2.9543693419 -0.9987573756 
C -1.3810544658 -2.5969756818 2.0588927486 
H -2.3310709921 -2.4258556792 1.5514865336 
H -1.4017958756 -2.0906068645 3.025923076 
H -1.256333223  -3.6699498867 2.2323158627 
P 0.0991762384  1.4163099528  2.1844148229 
C 0.3383542139  0.4382237767  3.7244998961 
H 0.34590604  1.1234805536  4.5771560762 
H 1.290192412  -0.0941847365 3.6973460185 
H -0.4723396633 -0.2786090815 3.8592789366 
C 1.4317562268  2.6881049135  2.3228917163 
H 1.4015263739  3.1039434225  3.3336669113 
H 1.2616647591  3.5002210413  1.6139989893 
H 2.4174726235  2.2621608876  2.1479497152 
C -1.3653280742 2.4561481447  2.5954913559 
H -2.2494718585 1.8426733217  2.7500188786 
H -1.5628199381 3.176217532  1.7985987852 
H -1.149789252  3.0070403368  3.5152756769 
C -5.927708693  -3.6664202171 -0.7887463067 
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H -6.8192673209 -3.5186658899 -0.1730693417 
H -6.2438928969 -3.7965912071 -1.8278136187 
H -5.4625771221 -4.6074706272 -0.4705101856 
C 5.9032303265  -3.6457425379 -0.9629616284 
H 6.1897557355  -3.7812763237 -2.0099152272 
H 6.8111416859  -3.484549194  -0.3752303101 
H 5.4568050762  -4.5885289966 -0.6237940796 
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Table 24. DFT coordinates for 3
+·AN 
94 
Ru -0.002847051  0.2308838278  0.1852231949 
N 2.1588166692  0.6287118554  -0.0825646221 
N 0.045215815  2.0668658789  -0.6474524697 
N -2.1239480869 0.6515237895  -0.2022678552 
C 2.4023655872  1.8523908469  -0.5397335338 
C 1.2512512447  2.6784644231  -0.8611220554 
C 1.2971546619  3.9698873787  -1.3786893651 
H 2.2474782313  4.4600531123  -1.5528469018 
C 0.0920322808  4.6310487635  -1.6815011158 
H 0.1138545694  5.6344549166  -2.0924604489 
C -1.1260311269 3.9955464859  -1.4559737086 
H -2.0550292042 4.503556752  -1.6894347706 
C -1.1522300417 2.6900589659  -0.9364086768 
C -2.316130839  1.8976643685  -0.6816892194 
C 3.2597769947  -0.3044155805 -0.0888055835 
C 3.8156088998  -0.7863657311 1.1190882788 
C 4.8503856392  -1.7249651573 1.0715805619 
H 5.2696064809  -2.0794939132 2.0106123901 
C 5.3582823859  -2.2182941062 -0.13429281 
C 4.8100316445  -1.7149407055 -1.3136868108 
H 5.1966207593  -2.0629958997 -2.2693301379 
C 3.7846839494  -0.7593177401 -1.3231030235 
C 3.3560158221  -0.2900821895 2.4645983071 
H 3.6865581144  -0.9627901019 3.2602642932 
H 2.2692327751  -0.2114759971 2.5053172608 
H 3.7670296566  0.7018775972  2.6850060304 
C 3.3392161355  -0.2368494106 -2.671459478 
H 3.3072846435  -1.0507311278 -3.4022747001 
H 4.0562761267  0.4990729503  -3.0553588561 
H 2.3621856168  0.2421348049  -2.6429114119 
C 3.785876361  2.418715372  -0.7392195574 
H 4.5471246985  1.7799622713  -0.2936029913 
H 3.8508727657  3.4073147582  -0.2749650384 
H 4.0227184581  2.544076936  -1.8011587281 
C -3.6835114827 2.4876149739  -0.9324702576 
H -3.8978104727 2.598525006  -2.0015591412 
H -3.7520776048 3.4845869287  -0.485602311 
H -4.4674598893 1.8685896846  -0.4966601975 
C -3.228084118  -0.2628631653 -0.3055111806 
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C -3.8696466802 -0.7687625268 0.851288725 
C -4.9131825283 -1.6896120621 0.7173042963 
H -5.393496906  -2.0618089649 1.6198496792 
C -5.3570531703 -2.141043768  -0.5293849601 
C -4.7306377951 -1.6148255085 -1.6591021358 
H -5.0642346595 -1.9309985815 -2.6456158881 
C -3.6891833816 -0.6802549738 -1.5801354368 
C -3.4913459954 -0.313043144  2.2364793893 
H -2.4097307531 -0.2298499557 2.3431798646 
H -3.8644425451 -1.0105913632 2.9912881032 
H -3.9202882989 0.6701945806  2.4628533887 
C -3.1491495991 -0.1376773558 -2.8854086398 
H -3.8243824156 0.6225723421  -3.2969833005 
H -3.0867931716 -0.9353298142 -3.632321972 
H -2.1673788983 0.3200338025  -2.780366843 
P -0.0471197829 -2.0699345045 0.9807839104 
C 1.3832770596  -3.1180938909 0.442118754 
H 2.3024635398  -2.8049437906 0.9364461163 
H 1.5268421218  -3.0227675587 -0.6363506215 
H 1.1827883934  -4.166220518  0.6847993714 
C -1.4189207431 -3.1162374033 0.3041445042 
H -1.25065219  -4.1631457126 0.5748159649 
H -1.4461839966 -3.0295543716 -0.7842320099 
H -2.3832338754 -2.7932878953 0.6953196495 
C -0.1315933641 -2.548292229  2.7700301404 
H -1.0417768429 -2.1575439838 3.2294135463 
H 0.7316111379  -2.1561978624 3.3118428976 
H -0.135125384  -3.6389460782 2.8599846807 
P -0.0731213082 1.4829712075  2.2499368225 
C -0.1211475885 0.6899767226  3.9260785041 
H -0.1446749679 1.4717197795  4.691119843 
H 0.7610100274  0.0693047884  4.090167992 
H -1.0102520368 0.0677102355  4.0372460076 
C 1.3122336717  2.6903585056  2.5028468798 
H 1.1510990693  3.2236101303  3.4441929561 
H 1.3264687153  3.4160238251  1.6877284634 
H 2.2777800342  2.1900547052  2.5403004372 
C -1.477304078  2.6820240011  2.4162287756 
H -2.4395732814 2.1754682503  2.3844804337 
H -1.4402322499 3.4085367512  1.6029662664 
H -1.3812782261 3.2116201034  3.3684456541 
C -6.4587156666 -3.1677963781 -0.6440055453 
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H -6.9546040488 -3.1146298028 -1.6175557613 
H -6.0656484197 -4.1862314084 -0.5329202251 
H -7.2162853376 -3.0294434639 0.1337756462 
C 6.4465158664  -3.2650504215 -0.1546112718 
H 6.0291014479  -4.272182126  -0.0313688075 
H 6.994926388  -3.2526563875 -1.1008264559 
H 7.1626422587  -3.1120599957 0.6587097912 
N 0.0465331588  -0.6846073974 -1.6611880351 
C 0.0711196789  -1.2166014284 -2.6902704204 
C 0.1016902482  -1.8852763984 -3.9834882531 
H 0.023933518  -2.9672505726 -3.8472963467 
H -0.733838505  -1.5421596139 -4.5991342076 
H 1.0386192865  -1.6570233407 -4.4981006762 
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Table 25. DFT coordinates for 3
2+·AN 
94 
Ru -0.0012748558 0.2493036533  0.1741798897 
N 2.1574047773  0.6367934172  -0.0907230795 
N 0.0397841813  2.0905610545  -0.6323251319 
N -2.1287465594 0.6664256745  -0.2362148058 
C 2.4009786019  1.8456485676  -0.5307606498 
C 1.2313288379  2.6945562181  -0.8374666266 
C 1.2849182893  3.9940043516  -1.3525444183 
H 2.2368718131  4.4809362602  -1.5201329967 
C 0.0923052037  4.6516191298  -1.6520601416 
H 0.1130181438  5.6584857583  -2.0529236909 
C -1.1268540016 4.0092483933  -1.4388663275 
H -2.058448773  4.5080356326  -1.6733884138 
C -1.1264786939 2.709864976  -0.9207154593 
C -2.3257228716 1.8778406688  -0.6922467934 
C 3.2618270978  -0.3044577485 -0.0952231281 
C 3.8060508315  -0.7926917825 1.113230788 
C 4.8394390922  -1.7313554098 1.0582550236 
H 5.2575718028  -2.0926011571 1.9945414088 
C 5.3453181125  -2.2178718382 -0.1513864059 
C 4.7998459175  -1.7074450788 -1.3288873893 
H 5.185810535  -2.0511983118 -2.2855675368 
C 3.780353985  -0.7460840878 -1.3355956051 
C 3.3475977863  -0.3064598838 2.462329908 
H 3.6550286288  -1.0003977427 3.2481349626 
H 2.2625111404  -0.2050824941 2.5013136811 
H 3.7827448339  0.6701533962  2.7023475898 
C 3.3460668212  -0.2096763854 -2.6818028507 
H 3.3439088028  -1.0130329144 -3.4236614861 
H 4.0561745785  0.5443697528  -3.0416007419 
H 2.3587738059  0.2496765683  -2.6721322137 
C 3.7657385593  2.429560531  -0.7565262741 
H 4.5529605917  1.7633052371  -0.4107068316 
H 3.8431221638  3.3776728698  -0.213863415 
H 3.9291389568  2.6493860382  -1.8164728725 
C -3.6653033343 2.4793756908  -1.0047935616 
H -3.7597540417 2.699022012  -2.0730436804 
H -3.7648089151 3.4290953555  -0.4685781272 
H -4.4812084083 1.8238332854  -0.7082716042 
C -3.243030369  -0.2600269253 -0.313918291 
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C -3.8740676563 -0.7385281315 0.855675256 
C -4.908669853  -1.6693088024 0.7328454977 
H -5.3929699187 -2.0239230724 1.6393406232 
C -5.3346449163 -2.1553921732 -0.5074913631 
C -4.7072823924 -1.6513087367 -1.6462890849 
H -5.030739502  -1.9939545014 -2.6262609675 
C -3.6814157646 -0.6985751753 -1.5857924489 
C -3.5086438709 -0.2469211548 2.2308750618 
H -2.4289435491 -0.1450632817 2.3425485714 
H -3.8689480794 -0.9370515992 2.9972890256 
H -3.9585428953 0.7310517666  2.4362224137 
C -3.1546383079 -0.1666259144 -2.9004537489 
H -3.8368170378 0.5889977589  -3.3078715147 
H -3.1043200182 -0.9710840121 -3.6394500356 
H -2.1692306362 0.2906224468  -2.8242504756 
P -0.0499026577 -2.0813144932 0.9740378838 
C 1.3860416315  -3.1118947919 0.4329946775 
H 2.2966112307  -2.8129051299 0.9507990531 
H 1.5480973013  -3.0011268422 -0.6407583421 
H 1.1758176545  -4.1620232302 0.655854249 
C -1.4297724375 -3.0973160984 0.2802699933 
H -1.2640774185 -4.1474637152 0.5375485946 
H -1.4611762008 -2.9987542129 -0.8063086249 
H -2.3899742978 -2.7775849601 0.6834334523 
C -0.1456497109 -2.5458682436 2.761055169 
H -1.0571878557 -2.1543430322 3.2159820727 
H 0.7182817627  -2.1621185853 3.3065680441 
H -0.1549712962 -3.6364483478 2.8458652918 
P -0.0669229331 1.487812611  2.2840496553 
C -0.1359132174 0.6615609256  3.9365173559 
H -0.1614781014 1.433262268  4.7109085409 
H 0.7429402038  0.0363213115  4.097738995 
H -1.0295351269 0.0442618596  4.0309309088 
C 1.3331861453  2.6716439315  2.5466086402 
H 1.1851631951  3.1755569178  3.5056489144 
H 1.3416679776  3.4304079157  1.7621381061 
H 2.2961946271  2.1665164217  2.560989724 
C -1.4587961557 2.7011825942  2.434826033 
H -2.4313190044 2.2213201373  2.351431183 
H -1.3750584584 3.4696882577  1.6641865958 
H -1.3888231068 3.1897236439  3.4103301481 
C -6.4239090584 -3.1954428625 -0.6042576832 
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H -6.8872574127 -3.1972267632 -1.5944996921 
H -6.0224375989 -4.2005331277 -0.4263290713 
H -7.2055045013 -3.0237419613 0.1419552863 
C 6.4309267152  -3.2659188169 -0.1769851705 
H 6.0100771686  -4.2691274088 -0.0372735962 
H 6.9652690777  -3.2639160305 -1.1308397943 
H 7.1572238283  -3.1061997653 0.6255686259 
N 0.0536201842  -0.700140059  -1.6532280194 
C 0.0791920779  -1.24813234  -2.6728629442 
C 0.1075373575  -1.9416464031 -3.9513023215 
H -0.0458460768 -3.0125020991 -3.7935937589 
H -0.6843174267 -1.5562923864 -4.5985263427 
H 1.0737136447  -1.7843591492 -4.4372698139 
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Figure 11. Powder EPR spectrum of 3
+
[BAr
F
4] at 4.1 K.  
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Figure 12. 
1
H NMR spectrum of 3
2+
[BAr
F
4]2 in CD2Cl2 at 360 MHz.  
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Figure 13. 
31
P{
1
H} NMR spectrum of 3
2+
[BAr
F
4]2 in CD2Cl2 at 145.8 MHz.  
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Figure 14. 
13
C{
1
H} NMR spectrum of 3
2+
[BAr
F
4]2 in CD2Cl2 at 126 MHz.  
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Figure 15. 
13
C{
1
H} NMR spectrum of 3
2+
[BAr
F
4]2 in CD2Cl2 at 126 MHz zooming in on 
the upfield resonances.  
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Figure 16. 
13
C{
1
H} NMR spectrum of 3
2+
[BAr
F
4]2 in CD2Cl2 at 126 MHz zooming in on 
downfield resonances.  
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Figure 17. 
13
C{
1
H} NMR spectrum of 3
2+
[BAr
F
4]2 in CD2Cl2 at 126 MHz zooming in on 
the most downfield resonances.  
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Figure 18. 
1
H NMR spectrum of 3
2+·AN[BArF4]2 in CD2Cl2 at 360 MHz.  
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Figure 19. 
31
P{
1
H} NMR spectrum of 3
2+·AN[BArF4]2 in CD2Cl2 at 145.8 MHz with an 
inset zooming in on the shifts.   
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Figure 20. 
31
P{
1
H} VT NMR spectrum of 3
2+·AN[BArF4]2 in CD2Cl2 at 162 MHz.  
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Figure 21. 
1
H VT NMR spectrum of a mixture of 3
2+
[BAr
F
4]2 and 3
2+·AN[BArF4]2 in 
CD2Cl2 at 400 MHz.  
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Figure 22. 
31
P{
1
H} VT NMR spectrum of a mixture of 3
2+
[BAr
F
4]2 and 3
2+·AN[BArF4]2 
in CD2Cl2 at 162 MHz.  
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Chapter 3. Magnetism and EPR Studies of Binuclear Ruthenium Hydride Binuclear 
Species Bearing Redox-active Ligands
120 
 
3.1 Introduction 
In 1969, Creutz and Taube first reported on the Creutz-Taube ion, 
[(NH3)5Ru(pz)Ru(NH3)5]
5+
 (pz is pyrazine), prompting much research to focus on 
electron transfer, understanding the effects structural changes have on electron transfer, 
and electronic structures as a whole in these types of systems.
1-5
 What was originally 
thought of as two Ru atoms of different oxidation states, +2 and +3, became generally 
accepted as two Ru atoms sharing the same non-integer state, +2.5, due to electron 
delocalization mediated by an organic bridging ligand.
6,7
 Much work has since been spent 
on understanding other bridging binuclear systems and the amount of electron 
delocalization, if any, that exists to better understand and explain the electronic structure 
of these systems.
8
  
Understanding the electronic structure of an organometallic species is important 
for understanding chemical transformations that it may perform.
9-16
 The electronic 
structure of compounds bearing the bis(imino)pyridine ligand has long been a topic of 
great interest and discussion due to the redox non-innocent properties observed and the 
prevalence of these systems in ethylene polymerization chemistry.
17-24
 Our group has 
previously reported on two reactive binuclear ruthenium species possessing the 
bis(imino)pyridine ligand and a bridging dinitrogen molecule, {[N3
Xyl
]Ru}2(-
1
:1-N2) 
(1), where [N3
Xyl
] = 2,6-(XylN=CMe)2C5H3N and Xyl = 2,6-xylyl, and 
{[N3
Xyl
]Ru(H)}2(-
1
:1-N2) (2). Preliminary observations of solid state magnetism, in 
attempts to elucidate the electronic structure of paramagnetic 2, were impeded by a weak 
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delocalized bond over 22 atoms between neighboring molecules in the crystal structure 
(vide infra). This bonding interaction quenches any intramolecular magnetic 
susceptibility in contrast to solution magnetic susceptibility measurements.
25,26
 
In this chapter, the electronic structure of an analogue of complex 2 is reported, 
having successfully blocked the intermolecular bonding interaction observed in the solid 
state of 2. Akin to the Creutz-Taube ion, investigations to probe the amount and type of 
communication between unpaired electrons on distinct Ru atoms through an organic 
bridging ligand were performed. Through X-band EPR spectroscopy and solid state 
magnetism measurements, a better understanding of the electronic structure of the 
reported analogue is presented. This newly understood electronic structure may shed light 
on the mechanism for future transformations performed by this family of compounds. 
 
3.2 Results 
The previously reported complex 2, synthesized by the addition of H2 to the 
parent complex 1 (eq 1), contains two formally Ru(I) hydride centers, although 
substantial electron delocalization onto the redox non-innocent [N3] pincer ligands 
renders the [N3]
–
/Ru(II) more apt. Either extreme would result in an unpaired electron on 
each half of the binuclear complex. Complex 2 is paramagnetic in solution, with 
resonances in the 
1
H NMR spectrum between  2 to 20 at 25 °C and exhibiting Curie-
Weiss behavior as indicated by linear plots of chemical shifts vs 1/T.
26
 The observed 
peaks in the 
1
H NMR spectrum are indicative of the C2 symmetric binuclear species in 
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solution as opposed to the Cs symmetric geometry expected for a monomeric structure 
such as [N3]Ru(H)(N2).  
 
(1)
 
No magnetic moment was observed in the solid state magnetism studies of 2 
performed from 2.4 K to 130 K suggesting the complex is diamagnetic in the solid state. 
The cause for this disparity between the solid state and solution magnetic behavior can be 
found in the solid state crystal structure of 2 (Figure 1).
26
 Markedly close intermolecular 
contacts between metal-pyridine units of neighboring molecules are reminiscent of 
aromatic “-stacking”. The plane-to-plane separation is extremely short (3.26 Å), 
suggesting significant molecular orbital overlap. This is supported by DFT calculations 
(Figure 2), which reveal the interaction is substantially bonding in nature, with the odd 
electrons in each moiety pairing to create a two-electron covalent bond delocalized over 
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22 atoms. This bonding interaction – albeit relatively weak – is sufficient to render the 
complex diamagnetic in the solid state. 
 
Figure 1. Crystal structure of 2 showing the close stacking interaction between two 
binuclear species quenching unpaired spins.  
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Figure 2. Molecule orbital surface (left) and contour (right) plots of the HOMO of the 
model system investigated via DFT to illustrate the bonding interaction observed in 
complex 2. 
 
In order to prevent the bonding interaction observed in the solid state and better 
probe the interaction between the odd electrons within a single binuclear molecule, the 
[N3] ligand was modified to block the interaction observed for 2 in the solid state. 
Substitution of a bulky t-butyl group on the para position of the pyridine ring as well as 
substituting mesityl for xylyl as the imine aromatic group leads to complex 3 (Figure 3). 
With this analogue in hand, experiments and DFT calculations were performed to better 
elucidate the relationship, if any, between the two unpaired electrons in the complex. 
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Figure 3. Complex 3 with t-butyl substitution in the pyridine para position and Mes 
substitution in the imine aryl position. 
 
As expected, binuclear complex 3 is paramagnetic in solution, although the 
magnetic moment of 2.56 B determined by Evans NMR method is somewhat less than 
the 2.83 B expected for an S = 1 system. Unlike the unsubstituted 2, complex 3 is 
paramagnetic in the solid state, indicating the increased steric bulk is sufficient to block 
the intermolecular association observed for 2. Solid state magnetic susceptibility 
measurements were performed on 3 providing a signal consistent with a paramagnetic 
species in the solid state (Figure 4). This paramagnetic response suggests the association 
observed in 2 is no longer present in the solid state of 3. Repeated attempts to grow 
suitable single crystals of 3 were unsuccessful, thus it was not possible to confirm the 
details of the solid state structure. Magnetic susceptibility data of 3 was interpreted using 
the Heisenberg-Dirac-Van Vleck Hamiltonian, ?̂?  =  − 𝐽 ?̂?𝑨  ·  ?̂?𝑩, showing an 
antiferromagnetic response at low temperatures illustrating the type and strength of 
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communication between the two unpaired electrons found in 3. The T vs T data was fit 
using the Bleaney Bowers equation (eq 2),  
𝜒 =  
2𝑁𝑔2𝐵2
𝑘𝑇[3+𝑒(−𝐽 𝑘𝑇⁄ )]
    (2) 
where J is the isotropic interaction parameter.
27,28
 This antiferromagnetic response 
demonstrates a small energy separation between the singlet ground state and thermally 
accessible triplet excited state with a J value of –4.1(7) cm–1 and a g value of 1.98(33). At 
temperatures above 30 K, the triplet state is well populated. A  vs T plot of an 
antiferromagnetic interaction usually exhibits a maximum signal, however, due to the 
weak coupling observed, the maximum signal was not observed within the temperature 
range measured. 
 
Figure 4. Plot of  (diamond) and 1/ (circles) versus T of complex 3. Solid line is the fit 
from the Bleaney Bowers equation. 
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No response for a Kramer S = ½ system was observed in the low temperature 
perpendicular mode EPR measurements of 3 in a methylcyclohexane glass at 4 K and 77 
K, consistent with the magnetism data. Parallel mode EPR, however, does provide an 
axial response for the non-Kramer S = 1 system at 4.8 K with gx = 4.34, gy = 4.2, and gz = 
3.2, as determined by simulation. This parallel mode EPR result is consistent with an 
energetically low lying triplet excited state that is already partially thermally populated at 
4.8 K. An S = ½ complex, observed in parallel mode (Figure 5), was used as an internal 
standard to demonstrate the increasing intensity of the S = 1 signal by comparison to the 
S = ½ signal as temperature was increased. The S = ½ system used as an internal standard 
was the scrambled product of mixing 3 with the dinitrogen complex precursor, 4, 
resulting in the NMR silent, mixed valence complex 5 (eq 3). The S =1 signal was 
compared over different temperatures by keeping the S = ½ signal constant in intensity. 
At 16 K, the S = 1 signal grows to 1.2 times the intensity of the 4.8 K signal and to 2 
times the intensity at 50 K. The S = ½ signal of the internal standard observed in 
perpendicular mode is simulated to have g-values of gx = 2.043, gy = 1.9938, and gz = 
1.9671 (Figure 6).  
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(3)
 
 
Figure 5. Solid: Experimental parallel mode X-band EPR spectra at 4.8, 16, and 50 K, 
MW freq. 3.393230 GHz MW power 6.236 mW, conversion 164.840 ms, time const. 
327.680 ms. Dashed: Simulation of 4.8 K spectrum by weighted addition of simulated g 
= 2 signal and simulation of g = 4 signal: gx = 4.34, gy = 4.2, gz = 3.2.  
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Figure 6. Top: Experimental perpendicular mode X-band EPR spectrum of mixed valent 
complex 5, T = 4.8 K, MW freq. 9.642061 GHz MW power 0.63 mW, conversion 81.920 
ms, time const. 163.840 ms. Bottom: Simulated EPR spectrum, gx = 2.043, gy = 1.9938, 
gz = 1.9671 , ax = 100 MHz. 
 
3.3 Discussion 
As originally observed in the crystal structure of 2, there exists close 
intermolecular contact between the pyridyl units of two binuclear species.
26
 The plane to 
plane separation of ~3.26 Å was characteristic of a bonding interaction suggesting each 
monomeric unit of the binuclear species contained a significant amount of delocalized 
unpaired spin. DFT calculations of the previously investigated modified system (Figure 
2) are consistent with this assignment showing 73% of the unpaired spin density residing 
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on the [N3] ligand.
26
 This initial observation, however, overshadowed the intramolecular 
interaction of the unpaired electrons on a lone binuclear species. 
The magnetism and EPR spectroscopic results obtained above are only possible 
for a system in which the unpaired electrons on each half of the molecule are capable of 
communicating with each other. Rather than thinking of a mixed valent system like the 
Creutz-Taube ion and discussing metal oxidation states as a result of electron 
delocalization through a bridging ligand, the electron delocalization exhibited in this 
system allows for the discussion of a singlet/triplet electronic structure as opposed to two 
independent doublets.  
Solid state magnetism measurements and parallel mode EPR measurements 
confirm the coupling of the unpaired electrons on each half of 3. Keeping in mind the 
established electron delocalization through the * system of the [N3] ligand, the distance 
over which the two electrons from each half of the molecule are coupling could 
potentially be as long as from one pyridine to the other, a distance of up to 14.44 Å as 
observed in the crystal structure of 2. Another geometric consideration is the orthogonal 
nature of the two halves of these complexes causing poor * orbital overlap through the 
cylindrically symmetrical two nitrogen atom bridge. Both of these factors may give rise 
to the weak nature of the coupling observed in this system.  
The coupling of these two electrons can be described as either ferromagnetic 
(triplet state) or antiferromagnetic (singlet state). If the unpaired electrons are 
ferromagnetically coupled, a magnetic moment of 2.83 B is expected, but if they are 
131 
 
antiferromagnetically coupled, a magnetic moment of 0 B is expected. The solid state 
magnetism measurement shows a magnetic moment that approaches 0 B at low 
temperatures and increases close to 2.83 B at temperatures above 30 K, which can be 
explained as a ground state singlet with a thermally accessible triplet state. 
The observed solution magnetic moment of 2.56 B is close to the thermally 
accessible triplet value of 2.83 B at room temperature.
29-31
 This depression of the 
magnetic moment may be due to monomeric or unsaturated S = ½ impurities, but is 
unlikely given no perpendicular mode EPR response from the same sample. Parallel 
mode EPR spectroscopy, however, at low temperatures does provide a signal consistent 
with a non-Kramer triplet state that is becoming increasingly populated with elevated 
temperatures.
32,33
 These results support the assignment of a singlet ground state for this 
molecule with an energetically low lying triplet state that is thermally accessible 
consistent with the small J value of –4.1(7) cm–1.  
The electronic structure of binuclear complex 2 was examined using DFT 
methods. The ground state is best described by an unrestricted wavefunction in which the 
odd electrons are localized in separate halves of the complex and antiferromagnetically 
coupled, i.e. an open-shell singlet. Consistent with the very small J value observed 
experimentally, the triplet state lies extremely close in energy to the open-shell singlet 
ground state. Calculations using the MN12L
34
 functional and the Def2-TZVP
35,36
 basis of 
Weigend and Ahlichs place the singlet/triplet gap – and hence J – at only –58 cm–1 (–0.17 
kcal•mol–1). The highest energy singly occupied MOs of the singlet and triplets are 
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shown in Figure 7. Repeating the calculations using the popular B3LYP
37
 functional and 
the same basis sets yields a similarly negligible value of 5 cm
–1
. Thus, both functionals 
yield values of J which are essentially zero, given the accuracy expected from this level 
of theory, and are consistent with the small value of –4.1(7) cm–1 determined 
experimentally. Not surprisingly, the closed-shell singlet state determined by a restricted 
calculation was found to be higher energy than both the open-shell singlet and the triplet, 
leading to a value of J that is too large (1467 cm
–1
) and a ground state multiplicity 
inconsistent with the experimental results. The small value of J is attributed to the 
perpendicular orientation of the two halves of complex 2. The SOMOs of the 
antiferromagnetically coupled open-shell singlet show only a small amount (<10%) of 
density on the bridging N2 and the remote metal center (Figure 7, bottom).  
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Figure 7. Alpha and beta SOMOs of antiferromagnetically coupled singlet of 2 (bottom) 
and highest two alpha SOMOs of the triplet state (top). 
 
This kind of electronic structure has been seen before in similar compounds and 
as such is not unprecedented, but the small coupling by which these electrons 
communicate is certainly of note. Gambarotta and co-workers report on a binuclear [N3] 
vanadium complex with a non-linear dinitrogen bridge exhibiting a singlet ground state 
with a low lying triplet state (Figure 8).
38
 DFT calculations of a model system for this 
complex determine the singlet – triplet separation to be 4.5 kcal•mol–1 (1535 cm–1) using 
the RI-bp86 functional and 7.8 kcal•mol–1 (2661 cm–1) using the B3LYP functional, both 
of which are calculated to be much larger than that observed and calculated in complex 2. 
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This larger separation between the singlet and triplet states may be the result of a more 
greatly reduced dinitrogen bridge. The non-linear dinitrogen bridge in this complex is 
reduced to [N2]
2–
 with an increased bond length of 1.242(5) Å compared to 1.161(5) Å 
and 1.132(6) Å of complexes 1 and 2. 
 
Figure 8. Binuclear vanadium complex reported by Gambarotta and co-workers. 
 
Fryzuk and co-workers report on a binuclear niobium complex also containing a 
bridging dinitrogen, that while employing a different ligand set from the [N3] type 
system, also exhibits weak antiferromagnetic coupling between two metal centers 
connected through the cylindrically symmetrical dinitrogen bridge.
39
 Magnetic 
susceptibility measurements of this system revealed a singlet – triplet separation of 135 
cm
–1
 with a singlet ground state,
40
 a smaller separation than calculated in the Gambarotta 
vanadium complex, but larger than observed in ruthenium complex 3. The dinitrogen 
bridge of this niobium system also demonstrated a longer N≡N bond length of 1.272(5) 
Å, compared to complexes 1 and 2, due to a larger degree of reduction of the dinitrogen 
bridge. Cummins and co-workers have investigated tris(amido) molybdenum compounds 
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also bearing a dinitrogen bridge and exhibiting a similar electronic structure.
41
 The 
Cummins study focused on the magnetic moment of 2.85 B of the triplet state at higher 
temperatures, leaving unaddressed whether the ground state is the antiferromagnetically 
coupled singlet. Interestingly, data in the supporting information indicates a moment that 
approaches 0 B below 30 K, suggesting this Mo–N2–Mo complex also exhibits a very 
small separation between a singlet ground state and a thermally populated triplet excited 
state. The singlet – triplet gap was not reported for this complex, as the triplet electronic 
state was the primary focus of the study. The length of the dinitrogen bridge in this 
system was modeled to be 1.19(2) Å according to EXAFS data. This bond length, in 
addition to the other bridging dinitrogen lengths presented, does not show a strong 
correlation between the singlet – triplet gap and the amount by which the dinitrogen 
bridge is reduced.  
In summary, complex 3 was synthesized to disrupt the delocalized bonding in the 
solid state of complex 2 and thus allow magnetic susceptibility measurements to probe 
the nature of electron coupling through the dinitrogen bridge of this complex. The 
magnetism measurements in conjunction with the EPR studies establish the 
antiferromagnetically coupled (open-shell) singlet as the ground state, with the triplet 
state only slightly higher in energy - ~ 4 cm
–1 
- and thus thermally accessible. DFT 
calculations are in agreement with the experimental observations of a small J-value 
corresponding to an antiferromagnetically coupled singlet ground state. The small value 
of J is attributed to the perpendicular orientation of the two halves of complex 2. The 
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SOMOs of the antiferromagnetically coupled open-shell singlet show only a small 
amount (<10%) of density on the bridging N2 and the remote metal center. Although the 
bridging N2 ligand in 3 is only slightly reduced by electron donation from the ruthenium 
centers, this is not inherently the source of the weak electronic coupling, as small values 
of J are also observed in -N2 complexes that exhibit much higher degrees of N2 
reduction. 
 
3.4 Experimental Section 
3.4.1 General Methods 
All manipulations were performed in Schlenk-type glassware on a dual-manifold 
Schlenk line or a nitrogen-filled Vacuum Atmospheres glovebox. 
1
H NMR spectra were 
obtained at 360 MHz on a Bruker DMX-360. All NMR spectra were recorded at 300 K 
unless stated otherwise. Chemical shifts are reported relative to tetramethylsilane for 
1
H 
spectra. EPR spectra were collected either on a Bruker Elexsys E500 spectrometer at X-
band (9.4 GHz) using an Oxford Instrument ESR900 helium flow cryostat or a Bruker 
EMX X-band EPR spectrometer at X-band equipped with a dual mode cavity and a liquid 
helium cryostat. Spectra were obtained in perpendicular mode and parallel mode (9.64 
GHz and 9.39 GHz respectively) on the Bruker EMX X-band EPR spectrometer 
Simulations were performed using the EasySpin
42
 EPR simulation suite for MATLAB, 
release 5.1.9. Hydrocarbon solvents were dried over Na/K alloy-benzophenone. 
Cyclohexane was dried over Na/K alloy. Benzene-d6 was dried over Na/K alloy-
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benzophenone and C6D12 was dried over Na/K alloy. N2 (Airgas) was used as received. 
Complexes 1
25
, 2
26
, 3
26
, and 4
25
 were synthesized according to the literature procedures.  
3.4.2 Magnetism 
A Quantum Design Multi Property Measurement System (MPMS-7) was used to 
collect magnetism data with a Reciprocating Sample Option. Measurements were 
performed from 2 to 300 K at 1 T and from 0 to 7 T at 2 K and 300 K. Plastic drinking 
straws were evacuated overnight prior to use as the sample holder. The straws were heat 
sealed at one end in a glovebox and then loaded with a ground sample. Quartz wool (~10 
mg), previously dried at 250 C prior to use, was fed into the straw to cover the sample. 
The straw was once again heat sealed encasing the sample and quartz wool. The sample 
and wool were weighed to the nearest 0.1 mg on a calibrated and levelled Mettler-Toledo 
AL-204 analytical balance. Corrections for the intrinsic diamagnetism of the sample were 
approximated by D = 0.5*MW x 10
–6
 cm
3
 mol
–1
.
43
 Data were collected on two 
independently prepared samples to ensure reproducibility. 
3.4.3 DFT Calculations 
All calculations were performed using the Gaussian09
44
 package of programs at 
both the MN12L
34
 and B3LYP
37
 level of theory employing the Def2SVP basis set for C 
and H atoms and Def2-TZVP
35,36
 basis for the Ru and N atoms, and the quasi-relativistic 
small-core SDD pseudopotential for Ru.
45
 Calculated energy minima for optimized 
geometries were confirmed as stationary points by the absence of imaginary vibrational 
modes in a subsequent frequency calculation. All wave functions derived from single 
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point energy calculations were confirmed to exhibit no internal instabilities.
46
 Altering 
the MOs from a preliminary UKS single point calculation generated a stable open-shell 
(antiferromagnetically coupled) singlet wave function. The molecular geometry was 
optimized using this open-shell singlet wave function, and then the triplet energy was 
calculated at this optimized geometry. 
3.4.4 Synthetic Details and Characterization 
Observation of [
t-Bu
N3
Mes
]Ru(H)(-1:1-N2)Ru[
t-Bu
N3
Mes
], 5. An EPR tube was loaded 
with a methylcyclohexane solution (1 mL) of {[
t-Bu
N3
Mes
]Ru(H)}2(-
1
:1-N2) (3) (6 mg, 
5.3 x 10
–6
 mol) and {[
t-Bu
N3
Mes
]Ru}2(-
1
:1-N2) (4) (6 mg, 5.3 x 10
–6
 mol) under N2. 
The tube was shaken to ensure sufficient mixing and was subsequently cooled in liquid 
nitrogen to form a glass prior to EPR measurement.  
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Table 1. DFT coordinates for model system of 2 
66 
Ru -2.939177 0.000041 -0.223592 
N -2.5946 2.032178 -0.488514 
N -1.215  0.000025 -1.181729 
N -2.594659 -2.032101 -0.488544 
N -4.536881 -0.000002 0.866322 
C -1.465632 2.338098 -1.117046 
C -0.63403 1.206632 -1.494379 
C 0.623539 1.220403 -2.086814 
H 1.118492 2.153588 -2.326601 
C 1.2848  -0.000003 -2.329169 
H 2.249275 -0.000013 -2.823828 
C 0.623505 -1.220393 -2.086829 
H 1.118433 -2.153589 -2.326625 
C -0.634065 -1.206595 -1.494394 
C -1.465699 -2.338042 -1.117079 
C -1.108225 3.750056 -1.496175 
H -1.104938 4.420119 -0.628784 
H -1.833012 4.16051 -2.211016 
H -0.12414 3.803683 -1.962282 
C -1.108329 -3.750005 -1.496224 
H -1.833137 -4.160439 -2.211054 
H -1.105041 -4.420074 -0.628837 
H -0.124253 -3.803651 -1.962348 
H -3.871093 0.000073 -1.483967 
N -5.459824 -0.000091 1.517691 
Ru 2.939176 -0.000036 0.223589 
N 2.59465 2.032106 0.488541 
N 1.214998 -0.000028 1.181727 
N 2.59461 -2.032176 0.488517 
N 4.536881 0.000006 -0.866323 
C 1.465687 2.338042 1.117074 
C 0.634058 1.20659 1.494392 
C -0.62351 1.220383 2.086833 
H -1.118442 2.153576 2.326629 
C -1.284798 -0.000011 2.329178 
H -2.249273 -0.000004 2.823838 
C -0.623533 -1.220414 2.08682 
H -1.118483 -2.153601 2.326606 
C 0.634036 -1.206638 1.49438 
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C 1.465645 -2.338102 1.11705 
C 1.10831 3.750004 1.496216 
H 1.833098 4.160433 2.211071 
H 0.12422 3.803652 1.962309 
H 1.105052 4.420078 0.628833 
C 1.108246 -3.750061 1.496179 
H 1.10496 -4.420123 0.628786 
H 0.124162 -3.803696 1.962288 
H 1.833037 -4.160514 2.211017 
H 3.871085 -0.00006 1.48397 
N 5.45982 0.00009 -1.517699 
C -3.513966 -3.113158 -0.137652 
H -4.383625 -2.691435 0.363109 
H -3.857215 -3.655375 -1.028173 
H -3.04402 -3.84268 0.536062 
C -3.513879 3.113252 -0.137602 
H -4.383554 2.691536 0.363136 
H -3.043919 3.842739 0.536141 
H -3.857101 3.655508 -1.02811 
C 3.513953 3.113166 0.13765 
H 3.857187 3.655393 1.028171 
H 4.38362 2.691444 -0.363098 
H 3.044009 3.84268 -0.536075 
C 3.513897 -3.113245 0.137612 
H 4.383566 -2.691527 -0.363137 
H 3.85713 -3.655485 1.028127 
H 3.04394 -3.842747 -0.536117  
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Table 2. DFT coordinates for 2 
116 
Ru -0.8394391 0.2248238 -2.4967912 
N 0.6213118 -1.0762047 -2.9385449 
C 0.8022195 -1.3657115 -4.2174393 
C -0.0796544 -0.657676 -5.100829 
N -0.92853 0.1796067 -4.4258945 
C -1.8103766 1.0042022 -5.0805743 
C -1.8624713 0.9706926 -6.474331 
C -1.0210922 0.1088333 -7.1765575 
C -0.1175091 -0.7073228 -6.4891768 
H 0.5587291 -1.3762309 -7.0278967 
H -1.0639482 0.0771278 -8.2674125 
H -2.5602924 1.6167887 -7.0113962 
C -2.5500764 1.8167971 -4.1656814 
N -2.2510525 1.6065823 -2.8833879 
C -2.9308589 2.335155 -1.8792342 
C -2.298433 3.4520038 -1.3134042 
C -2.9565311 4.1268818 -0.2826504 
C -4.1992225 3.6994329 0.1730575 
C -4.8043149 2.5859891 -0.4004369 
C -4.1840197 1.8847856 -1.4356914 
H -5.7772809 2.2393613 -0.0356093 
H -4.6979831 4.2367146 0.9837645 
H -2.4789103 5.0050797 0.165581 
C -3.5190551 2.8691093 -4.5776729 
H -4.5262664 2.6953724 -4.1630196 
H -3.6101765 2.9354901 -5.6683015 
H -3.2075786 3.8598922 -4.2029053 
C 1.8623335 -2.2768338 -4.7287662 
H 2.4471486 -2.7133313 -3.9074877 
H 2.5612667 -1.7426483 -5.3942373 
H 1.4359393 -3.1028669 -5.3227094 
C 1.3547285 -1.6726622 -1.886995 
C 1.0397756 -2.9865938 -1.4991173 
C 1.6505004 -3.4945591 -0.3518516 
C 2.5557053 -2.730427 0.3789859 
C 2.8661672 -1.4408686 -0.0390726 
C 2.266049 -0.8832739 -1.1701721 
H 3.6023011 -0.8409981 0.5053462 
H 3.0334612 -3.1492058 1.2696755 
142 
 
H 1.4025719 -4.5140421 -0.0341859 
N -0.5422233 0.3269492 -0.5919336 
N -0.2842494 0.2997574 0.5012088 
Ru -0.1261727 0.2427418 2.4245551 
N -1.3492899 -1.3146904 2.8007179 
C -1.6067659 -1.5621143 4.0791039 
C -0.9300368 -0.6915265 4.9948627 
N -0.1104384 0.198509 4.3575471 
C 0.5935888 1.1564228 5.0432848 
C 0.5096207 1.1945463 6.4360083 
C -0.2917007 0.2705905 7.1040851 
C -1.0243424 -0.6757073 6.3822534 
H -1.6737835 -1.3921796 6.8916269 
H -0.3555424 0.2943982 8.1941743 
H 1.0688234 1.9459383 6.9975586 
C 1.3558035 1.9822332 4.1614699 
N 1.2089802 1.6805656 2.8702478 
C 2.0527082 2.3017167 1.9217966 
C 1.5414166 3.3417517 1.1307971 
C 2.3873079 3.9222858 0.1821754 
C 3.7009556 3.4879954 0.0337116 
C 4.1864953 2.4560388 0.8308895 
C 3.373688 1.8405871 1.7853793 
H 5.2184946 2.1084261 0.7106478 
H 4.3511305 3.9570088 -0.70963 
H 2.0043981 4.7424206 -0.4357853 
C 2.2157033 3.1124442 4.6103534 
H 1.9382794 4.0436486 4.0871427 
H 3.2852187 2.9534092 4.3930046 
H 2.1187248 3.2909798 5.6879525 
C -2.5246511 -2.6296495 4.5650552 
H -2.9179792 -3.23887 3.7407359 
H -3.3855891 -2.1943573 5.1002148 
H -2.0226817 -3.3022854 5.2809715 
C -1.8146206 -2.1810952 1.7806508 
C -1.1965563 -3.437318 1.6429184 
C -1.6298077 -4.2748779 0.6161637 
C -2.639528 -3.8773738 -0.2536594 
C -3.2231771 -2.6255289 -0.1084138 
C -2.8255606 -1.7509488 0.9072477 
H -4.0232132 -2.3112699 -0.787776 
H -2.9681911 -4.5454228 -1.0548187 
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H -1.1559384 -5.2570331 0.5010925 
H -1.8672786 -0.9679492 -2.2642401 
H -1.3360734 1.2667857 2.4678215 
C 0.1405469 3.8141114 1.3481214 
H -0.0449054 4.7637805 0.8269209 
H -0.5986418 3.0704424 0.9985153 
H -0.0762155 3.9565003 2.4194785 
C 3.8728537 0.7220894 2.6474276 
H 3.1425571 -0.1062945 2.684781 
H 4.830873 0.3305911 2.2762002 
H 4.031048 1.0325128 3.6938122 
C -3.47602 -0.412232 1.0625957 
H -3.5577761 -0.1077276 2.116381 
H -2.9000422 0.3859893 0.558464 
H -4.4829575 -0.4138671 0.6180517 
C -0.0928617 -3.8449804 2.5678195 
H -0.4520702 -4.0511819 3.5900052 
H 0.4056569 -4.7568448 2.2089146 
H 0.6646117 -3.045459 2.655982 
C 0.0629631 -3.7915873 -2.295308 
H -0.1703202 -4.7399916 -1.7922504 
H -0.8782633 -3.2340593 -2.4428531 
H 0.4489096 -4.0361938 -3.2988917 
C 2.576084 0.5253105 -1.5713125 
H 3.6313024 0.7640766 -1.3718976 
H 2.3732208 0.7166289 -2.6351288 
H 1.978342 1.2524554 -0.9857563 
C -4.7783644 0.6453259 -2.0225383 
H -4.9520234 0.7302288 -3.1078956 
H -4.0808777 -0.2033229 -1.9003055 
H -5.7358353 0.3945168 -1.5443639 
C -0.9526799 3.8761673 -1.8140348 
H -0.9201634 3.9206093 -2.915039 
H -0.6715167 4.8647863 -1.4237108 
H -0.1652605 3.1535708 -1.5154605  
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Figure 9. Low temperature EPR spectrum of mixed valence complex 5 in a 
methylcyclohexane glass at 4 K with a modulation amplitude of 4 G. The spectrum was 
recorded by a Bruker Elexsys E500 spectrometer at X-band (9.4 GHz) using an Oxford 
Instrument ESR900 helium flow cryostat.  
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Figure 10. 
1
H NMR spectrum of complex 3 in C6D12 at 360 MHz. 
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Chapter 4. Probing the Mechanism of H2 Addition to {[N3]Ru}2(N2): An Interesting, 
but Frustrating Puzzle
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4.1 Introduction 
 Our group has previously reported on the formation of a binuclear dihydride 
complex (Figure 1) that exhibited interesting physical properties in solution as well as the 
solid state.
1
 While these properties, and in turn the electronic structure of an analogue, 
were investigated in the previous chapter, the mechanism by which this complex forms 
remains an open question. Experiments probing this mechanism are reported within this 
chapter to try to better understand the reactivity of the binuclear dinitrogen complex 
precursor, {[N3]Ru}2(-
1
:1-N2) (1, where [N3] is 2,6-(ArylN=CMe)2-4-R-C5H2N, Aryl 
= mesityl or xylyl, and R = H or t-butyl), and how it may form the dihydride complex, 
{[N3]Ru(H)}2(-
1
:1-N2) (2) (eq 1). Despite access to excess hydrogen during the 
reaction, each metal is ultimately bound to only one hydride, with a separation of 5.08 Å, 
making formally “17 e–” metal centers within a binuclear complex instead of forming 
diamagnetic mono- or binuclear complexes with two hydrides per metal center (eq 2). We 
have previously shown the redox non-innocence of the [N3] ligands can give rise to 
metalloradical character in four-coordinate [N3]Ru complexes such as 1. Thus, it is of 
interest to study the nature of the H2 addition mechanism and examine possible evidence 
for radical processes. 
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(1)
 
     
(2)
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 Hydrogen activation by inorganic complexes has been extensively studied and the 
mechanisms by which these reactions occur can vary greatly.
2-6
 In reactions where 
binuclear species may be present as reactants or products, it can be difficult to identify if 
the binuclear species themselves perform the chemistry or if mononuclear species are 
reactive intermediates.
 7-9
 Further mechanistic complications can arise when needing to 
consider the potential of a reaction proceeding through bimolecular transition states as 
opposed to a termolecular transition state where two metal centers and hydrogen are 
involved.
10,11
 
Homolytic cleavage of H2 has also been studied in other metal complexes such as 
those reported by the groups of Halpern
10,11
 and Wayland.
 12-15
 In particular, it is the 
metalloradical character of the Rh(II) porphyrin system that is responsible for the facile 
homolytic cleavage of H2, methane, and other substrates. A key feature of the Wayland 
mechanism is H-atom abstraction in a linear, 4-centered, termolecular, transition state 
involving two metal centers and the substrate (Figure 1). Support for the linear 
M
…
H
…
H
…
M transition state is found in the relatively large H/D kinetic isotope effect of 
1.7.
16,17
 The kH/kD for oxidative addition H2/D2 to a single metal center via a triangular 3-
centered transition state are typically <1.2.
17
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Figure 1. Proposed linear 4-center transition state leading to homolytic H2 cleavage by 
Rh(II) porphyrin complexes. 
 
4.2 Results and Discussion 
4.2.1 Crossover Studies 
One of the most important questions to be addressed in probing this mechanism is 
whether or not the binuclear 1 remains binuclear during H2 activation, or if dissociation 
into mononuclear components precedes H-H cleavage. If reaction of a mixture of 1a and 
1b with H2 were to form 2a and 2b without crossover to form the mixed species, 2ab, it 
would suggest the binuclear species remains binuclear during H2 activation. 
Unfortunately, control experiments in the absence of added H2 reveal mixtures of 1a and 
1b (eq 2) scramble rapidly under nitrogen at room temperature to form 1ab. Similarly, 
mixtures of 2a and 2b scramble rapidly at room temperature under N2 to form 2ab (eq 3). 
The fact the binuclear complexes scramble rapidly in the absence of H2 suggests it is 
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possible that mononuclear species are involved in the H2 addition, but it also means the 
study of the cross-over under H2 cannot provide evidence for or against the possible 
addition to the binuclear starting material.
18
 These control experiments, however, do 
establish the ease with which both binuclear 1 and 2 dissociate and reassociate in 
solution. This equilibrium of binuclear 1 and 2 with the respective mononuclear species 
has been demonstrated to be rapid, reversible, and heavily favor the binuclear species. 
Interestingly, the crossover between 2a and 2b under vacuum is extremely slow at low 
temperatures, and takes 2 hours to reach an equilibrium mixture of 2a, 2b, and 2ab at 285 
K. Lastly, a solution mixture of 2b and 1a under nitrogen exhibited a wide array of 
products including 1b and 2a establishing the reversibility with which hydrogen gas adds 
to the dinitrogen complex, or at least the facility with which H-atoms can be transferred 
between ruthenium centers (eq 4). With these crossover studies establishing the ease with 
which the binuclear species 1 and 2 dissociate and come back together as well as the 
reversibility with which hydrogen gas adds to 1, further experiments were performed in 
hopes of teasing out how exactly 2 forms from the addition of H2 to 1.  
    
(2) 
    
(3) 
155 
 
    
 (4) 
 
4.2.2 Reactions of {[
t-Bu
N3
Mes
]Ru}2(-
1
:1-N2), 1c, with H2 in the Absence of Added 
Dinitrogen 
 Additional means of probing this mechanism involve varying the amounts of 
hydrogen and nitrogen gas added while also investigating at different temperatures. 
Complex 1c was synthesized for use in the magnetism studies in the previous chapter, but 
also provided increased solubility with which low temperature NMR experiments could 
be performed without fear of precipitation or crystallization in the current study. 
The binuclear dinitrogen complex contains a single N2 ligand bridging two 
ruthenium centers, thus reactions that cleave the binuclear species in the absence of added 
nitrogen will necessarily create at least one mononuclear species without a dinitrogen 
ligand. Furthermore, the two fragments of such a cleavage – the 16 e– [N3]Ru(N2) and the 
14 e
–
 [N3]Ru – can potentially add one or two equivalents of H2. In addition, H2 
association to the binuclear starting material could facilitate cleavage directly to a pair of 
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16 e
–
 species. Furthermore, [N3] pincer ligands are capable of shifting from 
3
 to 2, 
potentially opening yet another coordination site for H2. Treatment of the binuclear 
dinitrogen complex, 1c, with 4 atm of H2 gas at 200 K in pentane-d12 in the absence of 
added N2 provides a complex mixture of hydride-containing species (Figure 2). 
Approximately 24% of the material is observed as binuclear dihydride complex 2c 
immediately upon mixing at 200 K. However, the balance of the [N3]Ru fragment is 
present as a complex mixture of hydride-containing species. A similar mixture was 
previously observed by Gallagher in the reaction of the 2-[N3]Ru(
6
-MeC6H5) complex 
with H2 in the absence of nitrogen.
19
 There are two significant points about the 
polyhydride mixture in the present case. First, although the low temperature spectrum of 
the polyhydride species appears extremely complex, at room temperature all of the 
species are in rapid exchange on the NMR timescale with each other and free H2, leading 
to a vastly simplified spectrum (Figure 3). This intermolecular exchange of H2 can occur 
from dihydrogen -complexes dissociating H2 or from pair-wise reductive elimination of 
ruthenium hydrides.
20,21
 Secondly, cooling the sample from room temperature back to 
230 K results in the original complicated mixture of complexes. That is, the mixture 
observed upon mixing at 200 K is an equilibrium distribution of the polyhydride species. 
Furthermore, this mixture is stable with respect to forming additional binuclear complex 
2. This further implies the amount of 2 initially formed at 200 K is a kinetic distribution, 
most likely produced in a fast reaction during the initial mixing at 200 K conditions in 
which the slower dissolution of H2 leads to non-equilibrium conditions.  
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Figure 2. 
1
H NMR spectrum of reaction of 1c with 4 atm H2 at 200 K showing multiple 
polyhydride species present in the 
1
H NMR between  –1 - 9 (top). Resonances due to 
binuclear product 2c are indicated by †, as observed in the downfield region (bottom left) 
with peaks attributed to hydride resonances of the diamagnetic polyhydride species 
upfield (bottom right). Ferrocene (‡) is present as an internal standard, and residual 
proton resonances in the pentane-d12 solvent are indicated by *. 
† 
† 
† 
† 
† 
† 
† 
† 
† 
† † 
† † 
‡ 
* * * 
H2 
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Figure 3. 
1
H NMR spectrum of reaction of 1c with 4 atm H2 at 300 K showing averaged 
polyhydride peaks (P) in the typical diamagnetic 
1
H NMR range. Product 2c (†), 
ferrocene as an internal standard (‡), and residual solvent peaks (*) are indicated. 
  
Analysis of the low temperature 
1
H NMR spectrum of the mixture of polyhydride 
species suggests the presence of four major mononuclear complexes, in addition to the 
expected binuclear product, 2. Details of this analysis follows. 
At 200 K, there are 5 major resonances in the aromatic region that can be 
attributed to meta pyridyl protons from three complexes possessing a mirror plane 
bisecting the [N3] ligand (“left-right” symmetry) and a single complex lacking this mirror 
† † 
‡ 
† 
† 
† 
* * * 
H2 
P 
P 
P 
P 
P 
P 
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plane. Additionally, there appears to be three pairs of singlet resonances and one 
standalone singlet in the aromatic region that can be assigned to mesityl meta protons. 
This assignment would be consistent with one complex possessing an “up-down” mirror 
plane containing the [N3] ligand and three complexes lacking this “up-down” symmetry. 
Using just this information, there would be two ways to assign symmetry within these 
four major species; there could be three complexes possessing a mirror plane bisecting 
the ligand while lacking a mirror plane containing the ligand and one complex with the 
opposite symmetry assignment (possessing the mirror plane containing the [N3] ligand 
while lacking the mirror plane bisecting it). Alternatively, there could be one complex 
with no mirror planes, one complex with two mirror planes (“left-right” and “up-down” 
symmetry), and two complexes with only “left-right” symmetry. 
The first assignment would result in 22 resonances in the aliphatic region; three 
complexes contributing five resonances each and one complex contributing seven 
resonances all due to the various methyl and t-butyl groups found in these compounds. 
The second assignment would result in 23 resonances in the aliphatic region; one 
complex contributing nine resonances, one complex contributing four resonances, and 
two complexes contributing five resonances each. The aliphatic region alone does not 
provide much assistance discerning between these two assignments as the total number of 
expected resonances are comparable and any overlapping resonances would complicate 
matters. However, the ~20 resonances in the aliphatic region are consistent with there 
being four major species.  
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The resonances in the upfield region are most likely a result of either classical 
metal hydrides or -dihydrogen complexes. As has been previously observed by Sabo-
Etienne and co-workers, ruthenium phosphine complexes bearing both classical hydrides 
and dihydrogen are capable of rapid intramolecular exchange giving rise to only one 
resonance in the 
1
H NMR spectrum, even at temperatures as low as 130 K. This can make 
it difficult to use the upfield region to discern a -dihydrogen complex from two classical 
hydrides within the polyhydride species present.
22-25
 This possible intramolecular 
exchange can occur via -complex assisted metathesis as reviewed by Perutz and Sabo-
Etienne.
26
 Both ruthenium -dihydrogen complexes as well as classical ruthenium 
hydrides have been found to exhibit shifts in the 
1
H NMR upfield from most other typical 
diamagnetic peaks, usually between  –5 to –15.27-33 Ruthenium hydrides trans to a 
vacant site, however, are typically shifted further upfield than dihydrogen -complex or 
other classical hydrides.
34-36
 The peak at  –27.66, for example, is likely due to a hydride 
trans to a vacant site. 
While the exact structures of these major polyhydride species are unknown, 
educated guesses can be made by eliminating unlikely structures. For example, in order 
for a complex to possess a mirror plane bisecting the [N3] ligand, the ligand must be 
3
 as 
opposed to 2. This limits the number of ways hydrogen or hydrides can be arranged on 
the metal center. Furthermore, any polyhydride species with sharp resonances in the 
1
H 
NMR spectrum will likely be diamagnetic and possess an even number of hydrides on the 
metal. The possible structures for these species are proposed below (Figure 4). 
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Figure 4. Proposed polyhydride species. Two with “left-right” symmetry only (I and II), 
one with “left-right” and “up-down” symmetry (III), and two possible structures for the 
remaining complex possessing no mirror plane symmetry elements. 
 
If a species with “left-right” symmetry is first considered, then there are only 
three remaining binding sites on the metal for dihydrogen to bind as a complex or for 
classical hydrides. Since three classical hydrides would result in a paramagnetic complex, 
the number of hydrides present on a species with “left-right” symmetry must be limited to 
zero or two. Two classical hydrides would give rise to a ruthenium(II) center formally, 
which if it were to remain 5-coordinate, would prefer a square-base pyramid geometry 
resulting in a hydride trans to a vacant site (I), consistent with the low temperature 
1
H 
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NMR spectrum. This would give rise to a 16 e
–
 complex with “left-right” symmetry, but 
not “up-down” symmetry. It is also possible for an 2dihydrogen ligand to occupy the 
sixth coordination site as an 18 e
–
 complex (II) retaining the same symmetry assignment 
as I. The only other way for two classical hydrides to exist in a complex with “left-right” 
symmetry would be for the hydrides to exist trans to each other with an 2dihydrogen 
ligand trans to the pyridine. Considering the trans bis(dihydride) binuclear species is not 
the observed product in the reaction of 1 with H2 and N2, it can be gleaned that this 
structure is highly unlikely. This leaves the only other possible structure with a 3-[N3] 
ligand as the 18 e
–
 bis(2dihydrogen) complex (III). As a formally ruthenium(0) 
center with weak ligands, the geometry will likely tend towards trigonal bipyramidal, 
establishing “up-down” symmetry as well within the molecule. Considering the 
likelihood that the [N3] ligand remains 
3
 as opposed to chelating 2, having three of the 
four major species in this binding mode seems reasonable. These structures then give 
credence to the assignment of two complexes with only “left-right” symmetry, one 
complex with two mirror planes (“left-right” and “up-down” symmetry), and one 
complex with no mirror planes, yet to be discussed. 
Given the presumed 2 binding mode of the [N3] ligand in the last complex 
lacking mirror planes, four binding sites are available for dihydrogen or hydrides to 
occupy. Due to the abundance of H2 present, it is likely that the fourth major species is an 
18 e
–
 complex. With the 2-[N3] ligand providing four electrons, the remaining 14 
electrons must come from a combination of the metal, 2dihydrogen, and classical 
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hydrides. As discussed earlier, any classical hydrides present must come in pairs so the 
options are zero, two, or four classical hydrides on the metal center. Four classical 
hydrides with the 2-[N3] ligand on a ruthenium center would result in a 16 e
–
 complex 
and as such is unlikely, not to mention it would possess “up-down” symmetry further 
eliminating it from discussion. If the structure with two classical hydrides and the 2-[N3] 
ligand is considered, two additional 2dihydrogen ligands must be included to bring the 
complex up to 18 e
–. In order to avoid “up-down” symmetry, the classical hydrides must 
be cis to each other with exactly one in the plane of the [N3] ligand, either trans to the 
pyridine or the imine nitrogen, and the other must be above or below the plane of the [N3] 
ligand trans to an 2dihydrogen ligand (IV). The last possible structure to consider is 
the one with zero classical hydrides and three 2dihydrogen ligands to make an 18 e– 
complex. In order to avoid any mirror planes with the 2-[N3] ligand, the three 
dihydrogen ligands would have to exist in a facial arrangement on the metal center (V). 
This assumes that each dihydrogen ligand can freely rotate to eliminate the possibility of 
distinct dihydrogen orientations within a meridinal isomer from eliminating mirror plane 
symmetry elements.  
Not surprisingly, the relative concentrations of these species are dependent on the 
amount of H2 present in solution (Figure 5). Also of significance is that exposure of the 
mixture of polyhydrides to excess N2 leads to complete conversion to binuclear dihydride 
complex 2c within minutes at room temperature. This confirms that the initial mixture of 
2c and polyhydrides formed at 200 K is a kinetic distribution, and that excess H2 can 
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successfully compete with N2 for the [N3]Ru fragments, depending on the H2/N2 ratio. In 
the initial reaction of 2c with 4 atm H2 in the absence of added N2 there is only a single 
equivalent of N2 present, some of which may escape into the headspace of the NMR tube. 
As such, the combined mixture of polyhydride complexes is essentially a kinetic side-
product rather than an active intermediate along the pathway to form binuclear dihydride 
complex 2.Note that once formed, the polyhydride mixture is an equilibrium distribution 
of the various complexes (apart from 2). 
 
Figure 5. 
1
H NMR spectrum of reaction of 1c with 2 atm H2 (top) and 4 atm H2 (bottom) 
at 210 K showing varying polyhydride concentrations dependent on H2 pressure. 
 
4.2.3 Reactions of 1c with Mixtures of H2 and N2 Gas 
The absence of additional N2 gas inhibits the complete conversion of complex 1 
to 2. The effect of the H2/N2 ratio was varied in a series of experiments in an attempt to 
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probe the reaction pathway at low temperatures. For example, a mixture of 2 atm of H2 
and 2 atm of N2 added to 1c at 200 K resulted in immediate formation of a mixture of 2c 
and polyhydrides (Figure 6). This mixture showed a substantially larger amount of 2c 
(~75%) formed relative to the polyhydride species. Prior experiments with only H2 
present showed only ~25% of 2c present upon mixing over the same time interval.  
 
Figure 6. 
1
H NMR spectrum of reaction of 1c with 2 atm H2 and 2 atm N2 at 200 K 
showing an increased amount of product 2c present compared to polyhydride species 
relative to reactions with addition of only H2. 
 
Because the formation of 2c and polyhydrides was rapid with a total pressure of 4 
atm, the partial pressures of each gas were significantly reduced in attempts to slow the 
reaction rate. To prevent any dependence on the rate of gas dissolution at lower pressures, 
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the solutions were thoroughly mixed with the gases at 200 K to ensure the gases were 
adequately dissolved prior to the NMR spectroscopic measurement. A total H2/N2 
pressure of 0.8 atm (0.64 atm H2 and 0.16 atm N2) was introduced to a solution of 1c at 
200 K with thorough mixing. This mixture led to rapid formation of 2c and polyhydrides 
within minutes of mixing (Figure 7) as in the previously described mixture of gases. 
Further dilution of H2 gas to 0.11 atm with 0.69 atm of N2, maintaining a constant total 
pressure of 0.8 atm, in addition to complex 1c also shows immediate formation of 2c 
within minutes at 200 K. In this case, however, the lower H2 concentration resulted in no 
noticeable formation of polyhydrides (Figure 8). Thus, it appears that excess H2 serves to 
inhibit the formation of the final product, 2c, by tying up [N3]Ru fragments in the non-
productive polyhydride side products. Given the fact that 2c is always formed more 
rapidly at 200 K than we can measure with 
1
H NMR kinetics, and that the polyhydrides 
that can be observed do not lie on the path to 2c, attempts to probe the reaction by 
kinetics measurements were discontinued.  
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Figure 7. 
1
H NMR spectrum of reaction of 1c with 0.64 atm H2 and 0.16 atm N2 at 200 
K. 
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Figure 8. 
1
H NMR spectrum of reaction of 1c with 0.11 atm H2 and 0.69 atm N2 at 200 K 
showing formation of 2c, but no polyhydride species observed. 
 
An additional complication to the study of the mechanism of H2 addition to 1c is 
apparent from the low temperature reaction under low pressures of hydrogen. Despite 
immediate appearance of 2c at 200 K and the absence of the polyhydride side-products, 
the amount of 2c observed in the 
1
H NMR spectrum continues to increase relative to the 
Fc internal standard as the temperature is raised. There is no corresponding loss of 
intensity in other peaks to account for the amount of intensity gained with increasing 
temperature. Insolubility of 2c at 200 K can be ruled out, as higher concentration 
solutions have been prepared and studied at this temperature without solid forming. 
These observations are consistent with the slow conversion of an NMR-silent 
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intermediate into 2c. The presence of another – likely paramagnetic – intermediate along 
the pathway to form binuclear dihydride complex 2c is one complexity too many, and 
further mechanistic studies of this system were abandoned. 
 
4.2.4 Putting it Together: What Can and Cannot be Concluded About the 
Mechanism of H2 Addition to 1 Forming Binuclear Dihydride 2 
Addition of N2 to 1 has been previously shown to lead to a rapid equilibrium 
between mononuclear and binuclear species, heavily favoring the binuclear species, at all 
temperatures investigated. Despite favoring the binuclear species, the equilibrium allows 
for a mononuclear species to become accessible for reactions. The addition of H2 to 1c 
has also now been shown to split 1c into mononuclear species with ease at low 
temperatures. Considering these factors, a mechanism previously postulated by Wieder 
seems less likely.
18
 This mechanism involves hydrogen coordination to one Ru of the 
binuclear dinitrogen complex 1 followed by a H-atom “walking” down the bridging N2 to 
the other Ru by a sequence of insertion and elimination reactions. This mechanism 
requires the N2 bridge to remain intact to facilitate H-atom transfer to a second metal. 
This mechanism is implausible because of the evidence suggesting H2 addition assists in 
splitting the complex into mononuclear components. As such, further discussion will be 
limited to mechanisms involving mononuclear species due to the 
1
H NMR spectroscopic 
evidence for mononuclear polyhydride formation during hydrogen addition to 1c. 
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There are at least two possible mechanisms by which H2 can interact with 1 and 
lead to polyhydride formation in the absence of excess N2. Either H2 coordinates to 
binuclear 1 followed by dissociation into mononuclear species (eq 5) or 1 dissociates into 
mononuclear species followed by H2 coordination (eq 6). 
    
(5) 
             
(6) 
 As seen in the reactions of H2 with 1c in the absence of any additional N2, once 
formed these polyhydrides do not proceed further to 2c until N2 is introduced, even 
though starting material 1c possesses the required one equiv of N2 to form 2c 
stoichiometrically. With the addition of excess N2 to the mononuclear polyhydrides, 
complex 2c is rapidly formed, clearly implicating the involvement of N2 in the 
mechanism to form 2c from the mononuclear 1c (Figure 9). This suggests that a second 
equiv of N2 may be needed for the reaction to occur, effectively acting as a catalyst. The 
source of the catalytic second equiv of N2 provided to the fraction of 1c that forms 2c 
may be the fraction of 1c that ultimately remains as polyhydrides in these experiments 
without excess N2. Also of note is that without excess N2, hydride transfer between 
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polyhydrides to form paramagnetic complexes is not apparent. As such, other previously 
postulated mechanisms by Wieder can also be eliminated.
18
 
 
Figure 9. 
1
H NMR spectrum of reaction of 1c with excess H2 only (bottom) followed by 
exposure to N2 (top) showing complete conversion of the polyhydride species at 300 K to 
product 2c within minutes. 
 
Each of these proposed possible mechanisms (eq 7-9) lacks the nitrogen observed 
to enable hydride transfer or hydrogen cleavage. Eq 7, where both ligands lie in the same 
plane, also has steric problems where the aryl groups would prevent the Ru centers from 
getting close enough to have bridging hydrides. This demonstrates the necessity for any 
172 
 
mechanism involving “head on” Ru interactions to have the ligands interdigitate as seen 
in eq 8 and eq 9. Again though, since these mechanisms are lacking N2, they can be 
eliminated from consideration as the mode of hydride transfer or hydrogen cleavage in 
the transformation of binuclear dinitrogen complex 1 to binuclear dihydride complex 2. 
    
(7)
 
    
(8)
 
    
(9)
 
 The role N2 plays in the hydride transfer or hydrogen cleavage mechanism should 
be considered. An excess of H2 alone does not seem sufficient for hydride transfer or 
hydrogen cleavage, yet an excess of N2 allows for this process to occur. Presumably the 
N2 must coordinate to a metal and since the stoichiometric amount present in the starting 
material alone is not enough to convert all of 1 to 2 without additional N2, N2 
coordination to both metals participating in the mechanism seems likely. Coordination of 
N2 to the [N3]Ru fragment ideally results in the N2 trans to the pyridine nitrogen on the 
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basis of electronics. If the N2 ligand is trans to the pyridine of the [N3] ligand in the 
reactive intermediate, then coordinated hydrogen must exist as either the trans dihydride 
or as an H2 -complex in the apical position of the compound recognizing that all of the 
previously described polyhydrides are fluxional and capable of interconverting at 300 K. 
Both potentially reactive intermediates are shown below. 
 
 Proposed intermediate VI is reminiscent of the observed 
1
H NMR averaged 
polyhydride structure at 300 K assuming exchanging H2 ligands (vide supra) whereas the 
formation of the trans dihydride would have to form via the dissociation of N2, oxidative 
addition of H2, and association of N2 in that order, which is seemingly implausible. 
Possible mechanisms for hydride transfer or hydrogen cleavage are shown below using 
these two potentially reactive intermediates.  
                             
(11) 
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(12) 
In order for proposed intermediate VI to form the mononuclear monohydride, 
proposed intermediate VIII, it would need to undergo homolytic bond cleavage of the 
hydrogen. Two formally Ru(0) centers would need to each provide one electron to 
become the formally Ru(I) center in the mononuclear monohydride species. Proposed 
intermediate VII, however, could undergo hydride transfer from a formally Ru(II) center 
to a formally Ru(0) center causing both to become formally Ru(I), but requires the metals 
to come closer together (Figure 10), potentially impeded by the tert-Butyls that 
previously blocked the “-stacking” observed in the solid state of 2a. This mechanism 
would be consistent with the type proposed by Poilblanc and coworkers where a hydride 
is transferred from one Ir(III) to another Ir(I) making two Ir(II) centers.
3
 The other 
reactant in these mechanisms is likely the mononuclear dinitrogen complex, proposed 
intermediate IX, for the stoichiometry to be appropriate and for the chemistry to occur 
that was not observed with just excess H2 present. Any additional gas, N2 or H2, could 
potentially coordinate to this mononuclear dinitrogen species in solution, but it must be 
weak and rapidly reversible to be consistent with the previously made observations and to 
ultimately result in product 2.  
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Figure 10. Potential transition state structure from eq 12 reminiscent of the solid state 
bonding interaction observed of 2a. 
 
4.2.5 Relative Stability of Potential Intermediates from DFT Calculations 
Considering excess nitrogen is necessary for hydride transfer or hydrogen 
cleavage to occur, the nitrogen must be playing an important role in the electronics of the 
intermediates. Binuclear 1 shows shifted imine methyl resonances in the 
1
H NMR 
spectrum, which has been attributed to a broken symmetry, multiconfigurational ground 
state. DFT calculations were performed on the xylyl anologues in attempts to better 
elucidate the electronic structures of the proposed intermediates. The mononuclear 
dinitrogen complex, intermediate IX
Xyl
, heavily implicated in the mechanism, also shows 
a broken symmetry wavefunction as the most stable solution (Figure 11). The 
metalloradical behavior suggested by eq 11 could be consistent with a species exhibiting 
either a multiconfigurational ground state with radical-like character or a species with a 
thermally accessible triplet state. In contrast, the triplet states in [N3]Ru complexes with 
higher coordination numbers (e.g. intermediates VI
Xyl
 and VII
Xyl
) are invariably found to 
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lie at much higher energies (>25-30 kcal•mol–1) and the ground states show none of the 
open shell singlet character associated with a broken symmetry electronic state.  
 
Figure 11. Alpha (left) and beta (right) molecular orbitals illustrating broken symmetry 
character of intermediate IX
Xyl
. 
 
This leads us to consider a hypothesis that the metalloradical character in four-
coordinate [N3]Ru(L) complexes is required to abstract single H-atoms from complexes 
containing an even-number of hydrides (or -H2 ligands). Unfortunately, all attempts to 
compute the transition states for the abstraction processes shown in eqs 11 and 12 have 
been unsuccessful. This failure is not particularly surprising, given one of the reactants 
has a multiconfigurational ground state that is only partially modeled with the open-shell 
singlet configuration, and that the transition state for H-H bond cleavage is similar to the 
pathological “stretched H2” problem.
37
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However, it is possible to interrogate the thermodynamics of the H-atom 
abstractions shown in eqs 11 and 12 using DFT calculations. Both intermediates VI
Xyl
 
and VII
Xyl
 are calculated to have closed-shell (restricted) ground states, with the classical 
trans dihydride N2 complex (VII
Xyl) being more stable by 8.24 kcal•mol–1 than the -H2 
dinitrogen complex (VI
Xyl
). However, product formation following either eqs 11 or 12 
are calculated to be exergonic. G for the abstraction from the trans dihydride would be 
downhill by 18.4 kcal•mol–1. And as expected, formation of products from the higher 
energy intermediate (VI
Xyl
) is even more favorable, with the G = –26.4 kcal•mol–1. 
Regardless of whether eq 11 or eq 12 is the mechanism by which this reaction 
occurs, due to the close-shell singlet nature of both intermediate VI and VII, the 
mononuclear dinitrogen complex, intermediate VIII, is implicated as the reactive species 
in both possible mechanisms. The difference in mechanism is dependent on whether the 
mononuclear dinitrogen complex would perform 1-electron radical chemistry as in eq 11 
or 2-electron chemistry as in eq 12. Considering the broken symmetry solution for the 
mononuclear dinitrogen complex, a radical mechanism is most likely the mechanism by 
which H2 adds to 1 producing the binuclear dihydride 2 in the presence of excess N2. 
Scheme 1 below presents the complete proposed mechanism based on the observations 
presented above. 
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Scheme 2. Proposed Mechanism Forming 2 from 1 in the Presence of Excess H2 and N2 
 
 
4.3 Conclusions 
Complex 1 dissociates rapidly, which is facilitated by H2 or N2 addition. Reaction 
of the monomeric units with H2 is rapid with facile oxidative addition and -coordination 
as evidenced by formation and interconversion of polyhydride species at varying 
temperatures. These polyhydride species, however, do not appear to undergo hydride 
transfer or hydrogen cleavage to form paramagnetic species in significant quantities. It 
appears that excess N2 is necessary for these species to react forming paramagnetic 
complexes. As such, the proposed mechanism to account for all of these observations is 
similar to that previously investigated by Halpern and others.
10,11
 This proposed transition 
state structure (Figure 12) is similar to the structure observed in the solid state bonding 
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interaction of 2a seen in the crystal structure (Figure 13), but with a larger plane-to-plane 
separation than 3.26 Å as determined via X-ray diffraction. Unfortunately, direct support 
for metalloradical H-atom abstraction in a 4-centered transition state was not obtained in 
the current studies; measurement of H/D kinetic isotope effects will be a topic for future 
researchers.
17
 
 
Figure 12. Proposed linear 4-centered transition state for H2 cleavage with radical-like 
behavior of the [N3]Ru moieties. 
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Figure 13. Crystal structure of 2a with short intermolecular contacts, indicating a stacked 
approach of two [N3]Ru units is sterically feasible. 
 
4.4 Experimental 
4.4.1 General Methods 
All manipulations were performed in Schlenk-type glassware on a dual-manifold 
Schlenk line or a nitrogen-filled Vacuum Atmospheres glovebox. 
1
H NMR spectra were 
obtained at 360 and 400 MHz on Bruker DMX-360 and AVIII-400 FT NMR 
spectrometers. All NMR spectra were recorded at 300 K unless stated otherwise. 
Chemical shifts are reported relative to tetramethylsilane for 
1
H spectra. The temperature 
of the NMR probe for VT experiments was calibrated against methanol (estimated error 
0.3 K.) Hydrocarbon solvents were dried over Na/K alloy-benzophenone. 
Cyclohexane-d12 and pentane-d12, were dried over Na/K alloy. N2 and H2 (Airgas) were 
used as received. [Ru(p-cymene)Cl2]2
38
, [
t-Bu
N3
Mes
]
39
, 2-[t-BuN3
Mes
]Ru(6-MeC6H5),
40
 and 
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{[
t-Bu
N3
Mes
]Ru}(-1:1-N2)
40
 were synthesized according to the literature procedure. 
[
t-Bu
N3
Mes
]RuCl2(C2H4)
41
 was synthesized in analogy to its xylyl derivative according to 
the literature procedures. 
4.4.2 DFT Calculations 
DFT calculations were performed at the MN12L
42
 level of theory employing the 
def2-SVP
43,44
 basis set for the carbon and hydrogen atoms, the def2-TZVP basis on the 
nitrogen and ruthenium atoms, and the quasi-relativistic small-core SDD ECP for Ru.
45
 
Calculated energy minima for optimized geometries were confirmed as stationary points 
by the absence of imaginary vibrational modes in a subsequent frequency calculation. A 
stable
46
 open-shell singlet wave function was found to lie at substantially lower energy 
than the restricted solution for the mononuclear four-coordinate complex [N3
Xyl
]Ru(N2), 
and the geometry optimization was carried out using the unrestricted wave function. In 
contrast, attempts to locate stable broken symmetry wave functions for five- and 6-
coordinate complexes were unsuccessful, and converged to the restricted solutions. These 
restricted wave functions were subsequently confirmed to exhibit no RKS/UKS or other 
instabilities.
46
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Table 1. DFT coordinates for proposed intermediate VI
Xyl
 
60 
Ru -0.9715459 0.147551 -2.4418711 
N 0.5730098 -1.1039144 -2.8490549 
C 0.8325037 -1.3246197 -4.1349252 
C 0.0140357 -0.5817434 -5.0300199 
N -0.8521708 0.2646739 -4.3514817 
C -1.7364645 1.0848718 -5.0382736 
C -1.7293626 1.0847029 -6.4283612 
C -0.8511332 0.2518618 -7.1231417 
C 0.0176332 -0.5842472 -6.4199314 
H 0.7019464 -1.242516 -6.9601805 
H -0.8468118 0.2508893 -8.21475 
H -2.4151293 1.73615 -6.9749841 
C -2.5328195 1.8599554 -4.15106 
N -2.3116666 1.6109858 -2.8630407 
C -2.9946744 2.3681845 -1.8773062 
C -2.383417 3.5298134 -1.3783419 
C -3.0357371 4.2328048 -0.3632198 
C -4.2596493 3.8006217 0.13483 
C -4.8526657 2.6550154 -0.3829296 
C -4.2337719 1.9190273 -1.3954742 
H -5.8203775 2.3153549 0.0003965 
H -4.7562088 4.3627719 0.9300055 
H -2.5679504 5.1383612 0.036366 
C -3.5018232 2.9055402 -4.5834023 
H -4.5140348 2.7113661 -4.1907596 
H -3.5691775 2.9757339 -5.6752296 
H -3.2152947 3.8993206 -4.1984852 
C 1.9306937 -2.2376929 -4.5584635 
H 1.8065623 -3.2463981 -4.1301527 
H 2.9119757 -1.878153 -4.2036055 
H 1.9845212 -2.3359706 -5.6488987 
C 1.397333 -1.6966599 -1.8587118 
C 1.0477715 -2.9406373 -1.3127595 
C 1.8533533 -3.4648727 -0.2993376 
C 2.9701258 -2.7746353 0.1574279 
C 3.3021934 -1.5462162 -0.4022773 
C 2.5270952 -0.9866798 -1.4199871 
H 4.1834418 -1.001003 -0.0492348 
H 3.5876423 -3.1984287 0.9536414 
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H 1.5921175 -4.4362491 0.1330624 
C -0.1590101 -3.6697701 -1.8113916 
H -0.2321847 -4.6714742 -1.3672528 
H -1.0837736 -3.1213267 -1.5702488 
H -0.1521503 -3.7787892 -2.9081355 
C 2.8789576 0.3281677 -2.0415182 
H 3.7811365 0.7560572 -1.5846352 
H 3.057543 0.2342746 -3.1258905 
H 2.0573553 1.0569144 -1.9415707 
C -4.8594341 0.681556 -1.9560323 
H -4.9337769 0.7151645 -3.0550441 
H -4.2562669 -0.2108114 -1.7241564 
H -5.8674723 0.5256174 -1.5491512 
C -1.0758871 3.9932261 -1.939866 
H -1.1448038 4.1930417 -3.0224652 
H -0.7334239 4.9122428 -1.445953 
H -0.2909702 3.2263587 -1.8320707 
N -0.3865694 0.7576111 -0.6703665 
N -0.0304191 1.1233852 0.3065384 
H -2.0856928 -1.0636899 -2.34227 
H -1.9131978 -0.8005793 -1.4086979 
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Table 2. DFT coordinates for proposed intermediate VII
Xyl
 
60 
Ru -0.648607 0.492788 -2.507123 
N 0.722953 -0.944959 -2.891872 
C 0.851136 -1.300171 -4.152868 
C -0.018876 -0.593487 -5.050038 
N -0.836497 0.281052 -4.38677 
C -1.755616 1.038563 -5.060544 
C -1.865589 0.933465 -6.444089 
C -1.037627 0.049682 -7.135518 
C -0.11  -0.71893 -6.433563 
H 0.548061 -1.419201 -6.954538 
H -1.115949 -0.040526 -8.220815 
H -2.600928 1.545006 -6.973328 
C -2.527002 1.862303 -4.172269 
N -2.176864 1.762092 -2.907865 
C -2.933992 2.392901 -1.883435 
C -2.405571 3.509949 -1.218143 
C -3.150447 4.057236 -0.170273 
C -4.367703 3.508918 0.213578 
C -4.867976 2.400482 -0.458653 
C -4.168404 1.824934 -1.520919 
H -5.825257 1.961031 -0.160508 
H -4.93046 3.948782 1.041044 
H -2.756054 4.936787 0.348629 
C -3.617612 2.73549 -4.686323 
H -4.131878 3.268585 -3.876106 
H -4.366723 2.152442 -5.247604 
H -3.218347 3.487448 -5.387097 
C 1.799041 -2.333436 -4.652765 
H 2.367528 -2.796666 -3.835783 
H 2.520753 -1.893298 -5.360794 
H 1.270043 -3.130631 -5.201366 
C 1.415694 -1.633699 -1.858947 
C 0.942429 -2.897012 -1.462415 
C 1.577023 -3.527988 -0.390675 
C 2.652911 -2.933252 0.257284 
C 3.108854 -1.689768 -0.161414 
C 2.49889 -1.011233 -1.219725 
H 3.963026 -1.221171 0.337805 
H 3.1401  -3.443161 1.092469 
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H 1.211114 -4.507393 -0.066225 
C -0.213102 -3.535724 -2.165531 
H -0.572926 -4.41294 -1.611417 
H -1.047738 -2.824954 -2.282569 
H 0.058419 -3.8789 -3.178342 
C 2.995777 0.333085 -1.649251 
H 4.029872 0.490378 -1.312533 
H 2.954911 0.465218 -2.740441 
H 2.378874 1.143557 -1.228487 
C -4.706734 0.632574 -2.246638 
H -5.065807 0.890881 -3.25738 
H -3.930594 -0.140729 -2.369943 
H -5.555507 0.194998 -1.704223 
C -1.091329 4.106622 -1.612465 
H -0.942179 4.105033 -2.702377 
H -1.008038 5.139159 -1.246041 
H -0.247039 3.533328 -1.196747 
N -0.36632 0.797277 -0.587389 
N -0.192223 0.981304 0.480918 
H 0.486372 1.715509 -2.611024 
H -1.718434 -0.637964 -1.86145 
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Table 3. DFT coordinates for proposed intermediate VIII
Xyl
 
59 
Ru -0.86108 0.267121 -2.461953 
N 0.609223 -1.048209 -2.86293 
C 0.826337 -1.32307 -4.144119 
C -0.02737 -0.614998 -5.055615 
N -0.890264 0.223942 -4.400063 
C -1.761476 1.046131 -5.066003 
C -1.792948 1.019203 -6.458501 
C -0.936689 0.158316 -7.146148 
C -0.046583 -0.658805 -6.447818 
H 0.630166 -1.324268 -6.987373 
H -0.959334 0.127812 -8.237641 
H -2.481927 1.665099 -7.0063 
C -2.523033 1.862673 -4.163936 
N -2.256132 1.656132 -2.87905 
C -2.948378 2.403681 -1.89157 
C -2.33237 3.54381 -1.3551 
C -3.000309 4.240813 -0.346732 
C -4.240119 3.813515 0.115233 
C -4.826684 2.674502 -0.424598 
C -4.193875 1.94697 -1.434716 
H -5.797792 2.328787 -0.055679 
H -4.749694 4.368589 0.907103 
H -2.530809 5.132988 0.079945 
C -3.490336 2.906306 -4.601593 
H -4.501419 2.725651 -4.199951 
H -3.565653 2.964815 -5.693569 
H -3.19254 3.901418 -4.228049 
C 1.915508 -2.244179 -4.570087 
H 1.804751 -3.243048 -4.116036 
H 2.902336 -1.873029 -4.242458 
H 1.94687 -2.368352 -5.658704 
C 1.433024 -1.643215 -1.872506 
C 1.073998 -2.884801 -1.328689 
C 1.882746 -3.415519 -0.321092 
C 3.006818 -2.733697 0.131087 
C 3.337606 -1.499752 -0.417651 
C 2.557048 -0.93241 -1.426144 
H 4.217581 -0.95562 -0.059818 
H 3.626365 -3.164587 0.921865 
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H 1.614466 -4.383385 0.114716 
C -0.152761 -3.588622 -1.812999 
H -0.291797 -4.549268 -1.299665 
H -1.04919 -2.967882 -1.651525 
H -0.118323 -3.782567 -2.897867 
C 2.88022 0.401161 -2.02166 
H 3.793901 0.826112 -1.585132 
H 3.016112 0.343909 -3.11474 
H 2.054631 1.117679 -1.859137 
C -4.793143 0.7003  -2.002265 
H -4.95011 0.769967 -3.091234 
H -4.118843 -0.158923 -1.854013 
H -5.760485 0.474406 -1.534369 
C -0.991794 3.974108 -1.860452 
H -0.997899 4.144864 -2.950075 
H -0.654517 4.897456 -1.370846 
H -0.230975 3.192636 -1.682383 
N -0.742001 0.41524 -0.544727 
N -0.667086 0.515908 0.55371 
H -1.938744 -0.881139 -2.273779 
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Table 4. DFT coordinates for proposed intermediate IX
Xyl
 
58 
Ru -0.683139 0.455784 -2.51632 
N 0.684398 -0.964245 -2.902612 
C 0.856282 -1.288916 -4.180184 
C -0.017087 -0.596439 -5.084005 
N -0.855144 0.260229 -4.427969 
C -1.775923 1.020571 -5.091651 
C -1.890163 0.914141 -6.476862 
C -1.051457 0.034025 -7.163468 
C -0.107311 -0.724992 -6.46923 
H 0.557294 -1.414255 -6.996335 
H -1.133402 -0.06023 -8.248641 
H -2.630365 1.516411 -7.00979 
C -2.542197 1.837859 -4.194873 
N -2.209504 1.699658 -2.915461 
C -2.910865 2.37408 -1.886603 
C -2.263459 3.428147 -1.222653 
C -2.923298 4.038981 -0.155679 
C -4.182837 3.608838 0.247063 
C -4.796811 2.550155 -0.412431 
C -4.17541 1.912144 -1.48808 
H -5.779071 2.194148 -0.085144 
H -4.684497 4.094744 1.087864 
H -2.431052 4.866337 0.365528 
C -3.617826 2.735797 -4.695164 
H -4.087902 3.304665 -3.881829 
H -4.408145 2.169348 -5.218153 
H -3.220808 3.457405 -5.428646 
C 1.844324 -2.286336 -4.672764 
H 2.437666 -2.714518 -3.853872 
H 2.542176 -1.827741 -5.393347 
H 1.350673 -3.115886 -5.208407 
C 1.396985 -1.614158 -1.866157 
C 1.031901 -2.915233 -1.484128 
C 1.697908 -3.491172 -0.400493 
C 2.690262 -2.798196 0.283553 
C 3.022711 -1.504078 -0.101783 
C 2.380583 -0.887484 -1.176247 
H 3.79615 -0.949752 0.439522 
H 3.199622 -3.265169 1.130426 
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H 1.416643 -4.501454 -0.08599 
C -0.072348 -3.629348 -2.197179 
H -0.366054 -4.540623 -1.659147 
H -0.95789 -2.978862 -2.297892 
H 0.212063 -3.928455 -3.219753 
C 2.708853 0.509365 -1.595782 
H 3.546723 0.917073 -1.014052 
H 2.965746 0.568755 -2.665261 
H 1.840725 1.184445 -1.46122 
C -4.802581 0.742637 -2.178211 
H -5.120744 0.983761 -3.206191 
H -4.086549 -0.092494 -2.262377 
H -5.689451 0.390784 -1.634353 
C -0.9033 3.864688 -1.663038 
H -0.879132 4.118388 -2.734753 
H -0.556899 4.73683 -1.092117 
H -0.159205 3.0544  -1.533635 
N -0.721794 0.418216 -0.592829 
N -0.73807 0.399926 0.513252 
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Chapter 5. Reactivity of Low-Valent Bis(imino)pyridyl Ruthenium Complexes with 
Olefins: Four- and Five-Coordinate Ethylene Complexes
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5.1 Introduction 
 Complexes bearing the bis(imino)pyridine ligand have been of great interest due 
to the ligands potential for redox activity resulting in unconventional, 
multiconfigurational, electronic structures that are associated with novel chemical 
transformations.
1-4
 Systems possessing multiconfigurational ground states have been of 
interest recently due to improved computing abilities allowing them to be better modeled, 
investigated, and understood with broken symmetry (open-shell) approximations.
5-9
 In 
the ruthenium systems studied, there is an apparent dependence of these unconventional, 
broken symmetry, electronic structures on the number of other ligands present on the 
metal center. As noted in earlier work by Chirik et al., a 4-coordinate system is more 
likely to exhibit properties and reactivities consistent with a multiconfigurational ground 
state unlike the 5-coordinate counterparts.
10
 These systems tend to provide diagnostic 
experimental results when an open-shell ground state best describes the electronic 
structure such as 
1
H NMR spectrum resonances exhibiting unusual chemical shifts and 
temperature independent paramagnetism (TIP). With the help of these diagnostic 
experimental results and improved computational abilities, systems possessing broken 
symmetry can be better understood and leveraged for purposes of new and interesting 
chemistry.  
 Iron and cobalt complexes bearing the bis(imino)pyridine ligand, when activated 
with modified methylaluminoxane (MMAO), polymerize ethylene with exceptionally 
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high turnover frequencies, potentially due to an interesting electronic structure, as 
observed by Brookhart, Gibson, and Dupont.
11-14
 
5.2 Results and Discussion 
5.2.1 Syntheses and Characterization of a 4-coordinate Ethylene Complex 
The 4-coordinate monoethylene complex, [N3
Mes
]Ru(C2H4) (1), where ([N3
Mes
] = 
2,6-(MesN=CMe)2C5H2N), was synthesized via KC8 reduction of the dichloride 
precursor, [N3
Mes
]RuCl2(C2H4), in DME at low temperature (eq 1). The DME solution 
was kept cold while stirring, but eventually froze in a dry ice/acetone slurry. Upon 
thawing, the solvent was removed in vacuo and the solid extracted with heptane to yield 
the product, 1 (65%). Extraction with a non-polar alkane solvent is critical to separate 
ionic species produced by under- or over-reduction, contaminants that are difficult to 
remove otherwise. Use of a slight excess of KC8 ensured the main impurity is the 
dianionic species (vide infra), which is insoluble in alkanes. 
        
(1)
 
The 
1
H NMR of 1 supports C2v symmetry in solution with a mirror plane 
containing the [N3
Mes
] ligand and a mirror plane bisecting the ligand (Figure 1). This 
assignment indicates a pseudo-square-planar geometry with the ethylene existing either in 
the same plane as or perpendicular to the plane of the [N3
Mes
] ligand. The 
1
H NMR shift 
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of the coordinated ethylene at  3.56 in C6D12 indicates a more tightly bound ethylene 
with significantly greater -back-bonding than in the parent dichloride complex, which 
exhibits a resonance at  5.25 in C6D6, very close to free ethylene at  5.30 in C6D6. 
Notably, this monoethylene complex, 1, exhibits significantly shifted imine methyl 
resonances in the 
1
H NMR spectrum at  0.35 in C6D12 compared to typical imine 
methyls ranging from  2.6 – 1.6. Furthermore, this unusual shift does not change with 
temperature, suggesting the origin is temperature independent paramagnetism (TIP). 
Compound 1 is stable indefinitely as a solid under inert atmosphere, but decomposes in 
solution slowly over days at room temperature to produce an unidentified blue film on the 
walls of glass containers.  
 
Figure 1. 
1
H NMR spectrum of complex 1 in C6D12 (trace heptane impurity indicated by 
*). 
C6D11H 
* * 
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The solid state structure of 1 was determined via X-ray diffraction methods and 
was found to support the observed pseudo-square-planar structure in solution determined 
by 
1
H NMR spectroscopy (Figure 2) with the ethylene oriented in the plane of the [N3
Mes
] 
ligand. All coordination sites are in the same plane, however, the pseudo-trans NIm-Ru-
NIm bond angle is 152.33(5)° as opposed to a complete 180° angle. This is a common 
feature observed in 2
nd
 and 3
rd
 row transition metal complexes of [N3] ligands due to the 
long NPyr-M bond length.
16,17
 The ethylene C=C bond length in 1 of 1.382(2) Å is 
substantially longer than in free ethylene, 1.339 Å, reflecting -back-bonding from the 
low valent metal. This bond length in 1 also exhibits a modest increase compared to the 
ethylene dichloride bond length of 1.372(3) Å. The Ru-C distances in 1 are shorter 
compared to the ethylene dichloride by an average of 0.070 Å, again attributed to 
increased -back-bonding. 
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Figure 2. ORTEP drawing of complex 1 with 50% thermal ellipsoids and isotropically 
refined ethylene hydrogen atoms. 
 
The C=N and CIm-CPy bond lengths in the [N3] ligand have been considered 
diagnostic of the amount of charge present on the ligand in metal complexes as reviewed 
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by Gambarotta and coworkers.
18
 Complex 1 exhibits a longer imine bond length of 
1.323(2) Å and a shorter CPy-CIm bond length of 1.421(2) Å compared to 1.302(2) Å and 
1.465(2) Å in the ethylene dichloride. This indicates an increase in electron density 
delocalized onto the [N3
Mes
] ligand in 1, consistent with a more electron-rich metal center 
in the reduced complex.  
 
5.2.2 Electronic Structure of Mono(ethylene) Complex 1 
To better understand the electronic structure of 1, DFT calculations were 
employed. DFT calculations were performed at the B3LYP
19
 level of theory employing 
the 6-31G(d,p)
20
 basis set for the non-ruthenium atoms and the quasi-relativistic small-
core SDD pseudopotential and [6s5p3d] contracted valence basis set
21
 and ECPs for Ru, 
supplemented with two 4f-type and one 5g-type functions as described by Martin and 
Sundermann.
22
 Calculations were performed on the [N3
Xyl
] analogue (Xyl = xylyl) of 1, 
1
Xyl
, noting that the absence of the para-methyl group in the para position of the aryl 
group has minimal impact on the electronics or sterics of the molecule. 
Consistent with the crystal structure, the calculated ground state geometry of 1
Xyl
 
has the ethylene in the plane of the [N3] ligand. The initial RB3LYP singlet wave 
function exhibits a restricted-unrestricted instability, and an unrestricted wave function 
was found to lie substantially lower in energy. The unrestricted wave function resembles 
a broken-symmetry, open-shell singlet, with substantial unpaired electron density on the 
[N3] ligand antiferromagnetically coupled with the ruthenium center to yield a 
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diamagnetic complex. The distinct alpha and beta HOMOs for [N3]Ru(CH2=CH2) are 
shown in Figure 3, with the former being the metal dz
2
 orbital, and the latter being an 
antibonding combination of [N3] ligand 
*
 and metal dxz orbitals. The temperature 
independent paramagnetism exhibited by the imine methyl resonances in the 
1
H NMR 
spectrum suggests the non-thermal mixing of a higher multiplicity wave function into the 
singlet ground state. Indeed, the triplet is calculated to lie only 8.1 kcal•mol–1 above the 
open-shell singlet ground state.  
 
Figure 3. Alpha (left) and beta (right) HOMOs of 1
Xyl
 typical of a broken-symmetry, 
open-shell singlet ground state. 
 
The geometry with the ethylene ligand perpendicular to the [N3] ligand plane was 
also found to be a local minimum, with the open-shell singlet lying only 3.1 kcal•mol–1 
higher than the ground state geometry with the alkene in the [N3] plane. Interestingly, the 
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triplet state of the perpendicular geometry is extremely close in energy to the singlet, 
lying only 2.2 kcal•mol–1 higher. 
The observation of TIP for the imine methyl resonances of 1 provides some 
experimental support for the calculated multiconfigurational ground state, yet the 
calculations on the perpendicular geometry (“1Xyl-perp”) poses somewhat of a dilemma. 
1
Xyl
-perp is quite close in energy to the ground state geometry, and might reasonably be 
expected to be accessed by simple rotation of the alkene ligand by 90°. Furthermore, the 
triplet state of 1
Xyl
-perp is potentially thermally populated, in which case one might 
expect substantial and temperature dependent effects to manifest in the 
1
H NMR of 1. 
Given the temperature independence of the NMR spectra, it seems likely the DFT 
calculations are underestimating either the separation between 1
Xyl
 and 1
Xyl
-perp or the 
singlet-triplet gap in 1
Xyl
-perp. An error on the order of 3-4 kcal•mol–1 would be 
sufficient to render 1
Xyl
-perp triplet thermally inaccessible. Alternatively, it is possible a 
substantial barrier to rotation of the ethylene prevents access to 1
Xyl
-perp. However, 
location of a transition structure for ethylene rotation, 1
Xyl
-ts, only 4.4 kcal•mol–1 above 
the planar form makes this possibility unlikely. 
 
5.2.3 Reactivity of Mono(ethylene) Complex 1 with H2, CH2Cl2, and Reduction with 
Excess KC8. 
Mono(ethylene) complex 1 reacts rapidly at room temperature with H2 in the 
presence of N2 to yield ethane and the binuclear dihydride complex, {[N3
Mes
]Ru(H)}2(-
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N2), discussed in chapters 3 and 4 (eq 4).
23
 Ethane is also formed in the hydrogenation of 
1 in the absence of N2 (eq 5), although a mixture of ruthenium hydride species is 
observed by 
1
H NMR similar to those described in section 4.2.1 (Figure 4). 
  
(4)
 
              
(5)
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Figure 4. 
1
H NMR spectrum of reaction between complex 1 and excess H2 in C6D12 in 
the absence of N2. Ferrocene as an internal standard is indicated with ‡ and ethane is 
indicated with *. Upfield hydride shifts shown in inset. 
 
 Ethylene complex 1 reacts with methylene chloride to yield [N3]RuCl2(C2H4) 
along with a complex mixture of unidentified byproducts (eq 6). This reaction is not 
clean or useful in recovering significant amounts of starting material. 
‡ C6D11H * 
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(6)
 
Further reduction of the mono(ethylene) complex, 1, with excess KC8 in DME 
leads to a stable diamagnetic compound assigned as the dianionic mono(ethylene) 
complex, 2. Although the reaction appears to be quantitative by 
1
H NMR spectroscopy, 
separation and purification was challenging. Complex 2 was isolated as an extremely air-
sensitive solid in 30% yield as a DME solvate (eq 7). Considering the mono(ethylene) 
complex 1 is synthesized by KC8 reduction of the ethylene dichloride, it is no surprise 
that 2 can also be prepared directly by reduction of the ethylene dichloride with excess 
KC8. Unfortunately, repeated attempts at crystallization in different solvents afforded 
needles too small for single crystal X-ray diffraction analysis. The 
1
H NMR spectrum of 
2 in THF-d8 is consistent with C2v symmetry, as also observed in the parent 
mono(ethylene) complex (Figure 5) and shows DME of solvation. The coordinated 
ethylene is observed at  2.80 consistent with increased -back-bonding into the ethylene 
* compared to the neutral complex, 1. Additionally, the imine methyl peaks do not 
display a significant upfield shift in the 
1
H NMR spectrum due to TIP, and are observed 
in the normal region ~  2 ppm.24 The pyridine meta protons are significantly shifted 
downfield to  9.49, which is likely due to the increased amount of electron density on 
the [N3
Mes
] ligand. Complex 2 also exhibits a greater stability in solution than 1 as no 
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signs of decomposition were observed over several days. Unlike neutral 1, the dianion, 2, 
does not react with H2, N2, or mixtures of the two gases. Additionally, there is no 
observed reaction of 2 with excess ethylene. Despite inactivity with various reagents, 
complex 2 is extremely low valent and is likely best described as a dianionic [N3
Mes
] 
ligand with a Ru(0) center. Alternatively, complex 2 could be described as a trianionic 
ligand with a Ru(I) center, however, no evidence exists supporting an open-shell 
electronic structure. 
 
  
(7) 
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Figure 5. 
1
H NMR spectrum of dianionic complex 2 in THF-d8. Residual THF-d7 (*) and 
DME of solvation (†) are labeled. 
 
5.2.4 Syntheses and Characterization of the 5-coordinate Bis(ethylene) Complex 
The 4-coordinate species, 1, reacts under excess ethylene in cyclohexane to form 
the 5-coordinate bis(ethylene) complex, [N3
Mes
]Ru(C2H4)2 (3), isolated in 49% yield (eq 
8). The lower solubility of 3 compared to 1 allowed for convenient isolation by 
crystallization, and full characterization. The xylyl analogue of 3 was previously 
* 
* 
† † 
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observed in solution by Gallagher, but was described as too unstable to be isolated.
25
 
      
(8)
 
The solid state structure of 3 was determined via X-ray diffraction methods and 
shows two inequivalent ethylene ligands in a pseudo-square-pyramidal geometry (Figure 
6). Interestingly, the ethylene trans to the pyridine is perpendicular to the plane of the 
[N3
Mes
] ligand, unlike complex 1, and the apical ethylene is perpendicular to the first 
ethylene ligand. The orientation of the ethylene ligands in this structure is in contrast to 
the cationic Ru(II) bis(ethylene) complex [N3]Ru(C2H4)2Cl
+
 isolated by Brookhart and 
coworkers, in which the ethylene trans to the pyridine remains in the [N3] plane and the 
ethylene trans to the chloride is contained by the mirror plane bisecting the [N3] ligand.
15
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Figure 6. ORTEP drawing of complex 3 with 50% thermal ellipsoids and isotropically 
refined ethylene hydrogen atoms. The Mes rings were grayed to provide greater clarity 
for the orientation of the ethylene ligands. 
 
Chirik and coworkers have very recently described a [N3]Mo(C2H4)2 complex in 
which the two ethylene ligands are both orthogonal to the mirror plane bisecting the [N3] 
ligand, also differing from complex 3.
26
 The steric demands of the ethylene configuration 
found in 3 cause the imine arms to bend below the plane of the pyridine giving rise to a 
NIm-Ru-NIm bond angle of 142.53(4)°. Unfortunately, because of the distortions of the 
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[N3] ligand in 3 due to the steric demands, comparison of the C=N and CPy-CIm bond 
lengths provide contrasting results using the analysis previously established in chapter 2, 
section 2.6, and offer no fruitful insight into the differences in electron withdrawing 
abilities of the [N3] ligand between complexes 1 and 3. The ethylene C=C bond lengths 
however, do offer useful information. The C=C bond length of 1.382(2) Å in 1 is shorter 
than both bond lengths in 3, 1.4112(19) Å of the ethylene trans to the pyridine and 
1.4057(18) Å of the apical ethylene. These distances suggest there is better -back-
bonding into the ethylene ligands possible in the 5-coordinate bis(ethylene) complex than 
the 4-coordinate mono(ethylene) complex. Further comparison of the ethylene C=C bond 
lengths in 3 to the analogous bond lengths in the molybdenum complex reported by 
Chirik show a greater similarity in the amount of -back-bonding between the ethylene 
ligands in 3 than in the molybdenum complex where the ethylene C=C bond lengths are 
1.421(6) Å for the apical ethylene and 1.379(6) Å for the ethylene trans to the pyridine.
26
 
This deviation in ethylene C=C lengths in the molybdenum complex has been attributed 
to different amounts of -back-bonding caused by competition between the [N3] * 
system and the ethylene trans to it. The [N3] * system and the ethylene trans to it 
overlap with the same metal d orbital as opposed to the ethylene trans to a vacant site 
with no direct competition for -back-bonding. This difference between Mo and Ru 
complexes is likely due to the different orientation of the ethylene ligand trans to the 
pyridine resulting in the use of different metal d orbitals for -back-bonding.  
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The 
1
H NMR spectrum of the isolated bis(ethylene) complex, 3, under N2 or 
vacuum shows broad peaks with only one peak attributed to the two ethylene ligands at  
1.61 (Figure 7), indicating intramolecular exchange between the ethylene ligands is rapid 
on the NMR timescale. The 
1
H NMR of 3 sharpens significantly in the presence of excess 
ethylene, with separate resonances observed for coordinated and free ethylene. This 
indicates that intermolecular exchange between 3 and free olefin occurs, but is relatively 
slow compared to the intramolecular exchange process (Figure 8). The broadness of the 
peaks in the absence of excess ethylene can be attributed to the rapid dissociation 
equilibrium with ethylene and 1 (eq 8). The upfield 
1
H NMR shift of the two averaged 
ethylene environments in the bis(ethylene) complex ( 1.61) compared to the 
mono(ethylene) complex ( 3.56) also supports better -back-bonding in 3 compared to 
1, in agreement with the ethylene C=C bond lengths. 
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Figure 7. 
1
H NMR spectrum of 3 in the absence of free ethylene in C6D12 showing 
equivalent C2H4 groups at  1.61. 
 
Figure 8. 
1
H NMR spectrum of 3 in C6D12 under excess ethylene (†). Internal standard 
ferrocene (‡) and residual heptane (*) are also labeled. 
 
C6D11H 
C6D11H 
* * 
† 
‡ 
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Examination of the VT 
1
H NMR spectra of 3 reveals information about both the 
inter- and intramolecular ethylene exchange processes (Figure 9). As the temperature of 
the pentane-d12 solution is reduced from 291 K to 268 K, the peaks sharpen as a result of 
the increasing equilibrium constant associated with the intermolecular exchange process 
in eq 8. Effects of the intramolecular exchange of the ethylene environments in 3 start to 
show as temperature decreases below 268 K with the broadening of the mesityl ring ortho 
methyl groups and the ethylene ligands. The intramolecular exchange of the bound 
ethylene is still fast on the NMR spectral timescale even at 185 K, the lowest temperature 
measured, in pentane-d12. At 185 K, both of these peaks broaden into the baseline and do 
not yet resolve into two separate peaks as expected for the two different environments 
shown in the crystal structure of 3.  
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Figure 9. VT 
1
H NMR stacked spectra of complex 3 in pentane-d12, focusing on mesityl 
ortho methyl (red) and coordinated ethylene (blue) resonances coming out of 
coalescence. Residual protons in the pentane-d12 solvent are indicated in green. 
291 K 
268 K 
244 K 
220 K 
185 K 
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5.2.5 Ethylene Oligomerization Catalyzed by Bis(ethylene) Complex 3 
 As described above, complex 1 reacts rapidly with ethylene to form the 
bis(ethylene) complex 3. Complex 3 catalyzes the oligomerization of excess ethylene 
slowly at room temperature. Dimerization to 1-butene is initially observed, with higher 
oligomers observed in the 
1
H NMR after 20 hours (Figure 10). LCMS analysis confirms 
the presence of alkenes up to C20 (Figure 11). It is also evident from the LCMS trace that 
various branched isomers are present for each molecular weight group.  
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Figure 10. 
1
H NMR spectrum of complex 3 with excess ethylene in C6D12 showing the 
formation of butene and higher oligomers after 20 hours at room temperature. Peaks 
attributed to oligomers are indicated with * and ferrocene used as an internal standard is 
indicated with †. 
Time = 10 min 
Time = 20 hours 
* 
* 
* 
* 
* 
† 
† 
C6D11H 
C6D11H 
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Figure 11. LCMS showing largest m/z value in each group of peaks due to oligomers of 
ethylene. 
 
The observed coupling of ethylene to form oligomers is not entirely unexpected. 
Late transition metals have been extensively studied for use in olefin oligomerization.
27-36
 
Most notably, the majority of the mechanisms investigated have included insertion of 
ethylene into metal alkyl or metal hydride bonds as the chain initiation or propogation 
step (Scheme 1).
37-41
 Additionally, most of these catalysts are cationic throughout the 
oligomerization/polymerization cycle. Significant differences exist between these 
complexes polymerizing ethylene and the oligomerization of ethylene observed with 
complex 3. These complexes are commonly higher valent, positively charged, and 
sometimes activated by MMAO whereas complex 3 is formally zero valent, neutral, and 
2.2 2.7 3.2 3.7 4.2 4.7
In
te
n
s
it
y
 
Time (min) 
281.0 (C20) 
140.1 (C10) 
112.1 (C8) 
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requires no activator. Similar to the olefin coupling observed with complex 3, Wieder 
demonstrated alkyne coupling with an [N3]Ru complex, which cyclotrimerized acetylene 
to benzene.
42
 The recently reported [N3]Mo complex by Chirik has also demonstrated 
ethylene dimerization to 1-butene, which is subsequently dehydrogenated to form 
butadiene.
26
 Coordination of the butadiene is irreversible and prevents the molybdenum 
complex from performing this transformation catalytically.  
 
Scheme 1. Oligomerization/polymerization of Ethylene via an Insertion Mechanism 
Commonly Proposed in Late Transition Metal Catalysts Previously Studied 
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The proposed mechanism by which complex 3 oligomerizes ethylene is shown in 
Scheme 2. The proposed ruthenacyclopentane intermediate illustrated is similar to the 
intermediate proposed by Chirik as well as the ruthenacycle intermediate isolated by 
Wieder (Figure 12).
26,42
 This ruthenacyclopentane intermediate would undergo -hydride 
elimination followed by reductive elimination to give the initial coupled product, 1-
butene. Butene can then be re-introduced into the catalytic cycle to couple with ethylene 
or a second molecule of butene to yield the higher oligomers observed by LCMS. 
Significantly, the direct reductive elimination product prior to -hydride elimination, 
cyclobutane, is not observed as a major product. 
 
Scheme 2. Proposed Mechanism for Ethylene Coupling Through a Metallacycle 
Intermediate 
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Figure 12. Ruthenacycle intermediate observed in the alkyne coupling reaction by 
Wieder.
42
 
 
Another mechanism for chain growth by which complex 3 could oligomerize 
ethylene is shown in Scheme 3. Green and Rooney proposed that a carbene hydride 
mechanism may be responsible for the polymerization of olefins observed by Ziegler-
Natta catalysts.
43
 A carbene hydride could be formed from the ruthenacyclopentane 
intermediate previously proposed via -hydride elimination as opposed to the -hydride 
elimination pathway proposed above. Carbon hydrogen reductive elimination would form 
the carbene capable of olefin coordination and additional chain growth. This mechanism 
is unlikely, however, due to geometric constraints of the meridinal [N3] ligand. 
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Scheme 3. Green–Rooney Chain Growth Mechanism for Ethylene Oligomerization via a 
Carbene Hydride Intermediate 
 
 
5.2.6 Electronic Structure of Bis(ethylene) Complex 3 
To try to better understand the nature of the observed ethylene oligomerization 
process, complexes related to bis(ethylene) complex 3 were investigated via DFT 
methods. Much like monoethylene complex 1 investigated in section 5.2.2 above, DFT 
calculations were performed on the [N3
Xyl
] analogue, 3
Xyl
. The observed solid-state 
geometry, with orthogonal ethylene ligands, was calculated to be the most stable 
configuration of the ethylene ligands. In order for productive coupling to occur, however, 
the ethylene ligands need to be oriented roughly co-planar, “3Xyl-planar”, as illustrated in 
Scheme 2. This configuration of the ethylene ligands was calculated to lie only 3.0 
kcal•mol-1 higher in energy than in the solid-state geometry. Interestingly, the 
metallacyclopentane intermediate, “3Xyl-cycle” is calculated to lie 6.0 kcal•mol-1 above 
the most stable geometry (Figure 13). Unfortunately, the transition state for coupling the 
two ethylene ligands was not located. It is unlikely that metalloradical character or redox 
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noninnocence is responsible for the observed coupling chemistry, as the five-coordinate 
complexes do not exhibit the low lying open-shell singlet electronic configurations 
observed for the four-coordinate 1. The calculated triplet states of both ethylene ligand 
orientations of 3 were found to lie >25 kcal•mol-1 above the corresponding singlets. As 
observed previously for other five-coordinate [N3]Ru complexes (chapter 2), addition of 
the ethylene to a fifth coordination site causes the energy between the singlet and triplet 
states to increase significantly removing any potential for ground states exhibiting broken 
symmetry.  
 
Figure 13. Energy-level diagram of the three structures investigated via DFT related to 
bis(ethylene) complex 3. 
 
5.2.7 Catalytic Cycloisomerization of an , Diene 
Carbon-carbon reductive elimination to make cyclobutane was not observed 
during the ethylene oligomerization mechanism previously discussed. This is in contrast 
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to the [2 + 2] cyclization of alkenes reported by Chirik and co-workers with [N3]Fe 
and [N3]Co complexes.
4,44-47
 These complexes demonstrated the ability to catalytically 
transform , dienes into substituted cyclobutane products. Initially, Chirik and co-
workers attributed the cycloisomerization mechanism to a constant Fe(II) state with a 
changing [N3] ligand electronic structure varying between the dianionic and neutral states 
(Scheme 3).
4,44
 More recently these authors have revisited the mechanism and the 
electronic structures throughout the mechanism. On the basis of Mossbauer spectroscopy 
for the iron complexes and EPR spectroscopy for the cobalt complexes the proposed 
mechanism has been reassigned as having a constant anionic charge on the [N3] ligand, 
with the metal oxidation state cycling between +1 and +3 (Scheme 4).
45-47
 In otherwords, 
the redox activity is not ligand based, but rather is a more traditional 2 e
–
 oxidation of the 
metal center. 
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Scheme 3. Original Chirik Mechanism with Participation of Redox-active [N3] Ligand
4,44
 
Scheme 4. Revised Chirik Mechanism Suggesting Importance of M(I)/M(III) Couple
45-47
 
 
 
Given the oligomerization of ethylene observed by the bis(ethylene) complex 3, 
there was interest as to whether the [N3]Ru complex would exhibit similar [2 + 2] 
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cyclization of an ,-diene as observed with the iron and cobalt systems. The low valent 
2-[N3
Mes
]Ru(6-C6H5Me) complex was used as a source of [N3
Mes
]Ru(0) to which 
olefins could coordinate. The lability of toluene in this complex has been previously 
demonstrated in the reactions with ethylene and other ligands to form a variety of 
[N3]RuL2 complexes.
25
 Indeed, reaction of excess diethyl diallylmalonate in C6D12 with 
2-[N3
Mes
]Ru(6-C6H5Me) does lead to catalytic cycloisomerization. However, the 
product is not the cyclobutane expected from a simple [2 + 2] compound, but is rather 
diethyl 3-methylene-4-methylcyclopentane-1,1-dicarboxylate (eq 9 and Figure 14). This 
transformation to the exomethylene cyclopentane product has been reported as early as 
1980 by Grigg et al. with a Rh(I) catalyst.
48
 This particular transformation is quite 
common, and has been observed with a variety of metal complexes, including those of 
Zr,
49-53
 Ti,
54-57
 Ni,
58-60
 and Pd.
61,62
 
    
(9)
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Figure 14. Cycloisomerization of diethyl diallylmalonate in C6D12 with ~0.2 mol% of 
[N3
Mes
]Ru precatalyst. The top spectrum shows diethyl diallylmalonate, the bottom 
spectrum shows complete conversion to the cycloisomerized product. 
 
This transformation is proposed to occur via a mechanism similar to that proposed 
above for ethylene oligomerization (Scheme 5). While this transformation lacks novelty, 
it is interesting to note the differences between the ruthenium complex and the iron and 
cobalt complexes reported by Chirik and co-workers.
4,44-47
 The charge on the [N3
Mes
] 
ligand throughout the proposed cycle with ruthenium has no reason nor any experimental 
Time = 35 min 
at RT 
Time = 17 hours 
at 90 °C 
Time = 95 hours 
at 95 °C 
226 
 
evidence to support taking on a non-zero charge. As such, the ruthenium is expected to 
cycle through Ru(0) and Ru(II) as illustrated, exhibiting traditional two electron 
chemistry. The revised Chirik mechanism (Scheme 4) invokes redox active behavior of 
the [N3] ligand. Despite this redox active behavior, the metal is proposed to cycle 
between M(I) and M(III) states, exhibiting traditional two electron chemistry as well. 
Regardless of whether redox activity of the [N3] ligand is invoked or not, this 
transformation does not appear to be dependent on radical chemistry. It is also of note 
that while the ruthenium complex investigated does not perform the same [2 + 2] 
cyclization observed with the iron and cobalt complexes, this may be a function of 
modifications to the [N3] ligand as opposed to the change in metal. Chirik has 
demonstrated that bulkier substitutions on the [N3] ligand can be employed to favor C–C 
reductive elimination as opposed to the -hydrogen elimination step proposed in 
Schemes 2 and 5 with ruthenium.
46 
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Scheme 5. Proposed Cycloisomerization Mechanism 
 
 
5.3 Conclusions 
 The unsaturated 4-coordinate, 16 e
–
, mono(ethylene) complex 1 has demonstrated 
considerable reactivity. Unrestricted DFT calculations strongly support an open-shell 
singlet, multiconfigurational ground state. This assignment is further supported by the 
observation of the substantial temperature independent paramagnetic (TIP) shift of the 
imine methyl resonance in the 
1
H NMR spectrum. Further reduction of complex 1 affords 
the extremely low valent complex 2 best described as a dianionic [N3
Mes
] ligand with a 
Ru(0) center. Interestingly, the metalloradical character suggested by the electronic 
structure complex 1 was not manifest in the reaction chemistry, ironically because the 
introduction of a fifth ligand (“substrate”) raises the energy of the triplet state, removing 
the multiconfigurational nature of the ground state and essentially quenching any 
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metalloradical character. Thus bis(ethylene) complex 3 is best described as a closed-shell 
singlet with a triplet state calculated to be significantly higher in energy. Despite this 
traditional electronic structure, complex 3 was able to perform olefin oligomerization – 
albeit slowly - via a metallacyclopentane intermediate. This is distinctly different than the 
alkene insertion mechanism proposed for the electrophilic, cationic, Gibson, Brookhart, 
and DuPont first row metal complexes. A similar Ru(0) complex demonstrated the ability 
to cycloisomerize the , diene, diethyl diallylmalonate, into the exomethylene bearing 
cyclopentane product. This transformation is consistent with the precedent observed for 
more traditional 2 e
–
 chemistry.  
 
5.4 Experimental 
5.4.1 General methods 
All manipulations were performed in Schlenk-type glassware on a dual-manifold 
Schlenk line or a nitrogen-filled Vacuum Atmospheres glovebox. 
1
H NMR spectra were 
obtained at 360 and 400 MHz on Bruker DMX-360 and AVIII-400 FT NMR 
spectrometers. 
13
C{
1
H} NMR spectra were obtained with broad-band 
1
H decoupling at 
90.6 MHz on a Bruker DMX-360 NMR spectrometer. All NMR spectra were recorded at 
300 K unless stated otherwise. Chemical shifts are reported relative to tetramethylsilane 
for 
1
H spectra. The temperature of the NMR probe for VT experiments was calibrated 
against methanol (estimated error 0.3 K.) Elemental analyses were performed by 
Midwest Microlabs (Indianapolis, IN). UV-vis spectra were recorded on PerkinElmer 
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Lambda 950 spectrometer. Nominal mass measurement data were acquired on an Agilent 
GCMS using EI. Hydrocarbon solvents were dried over Na/K alloy-benzophenone. 
Methylene chloride was dried over CaH2. Pentane-d12, C6D6, C6D12, and THF-d8 were 
dried over Na/K alloy-benzophenone. C2H4 (Airgas) was used as received. [Ru(p-
cymene)Cl2]2
63
 and 2-[N3
Mes
]Ru(6-C6H5Me)
25
 were synthesized according to the 
literature procedure. [N3
Mes
]
1
 and [N3
Mes
]RuCl2(C2H4)
15
 were synthesized in analogy to 
the xylyl derivative according to the literature procedures. 
5.4.2 Synthetic Details and Characterization 
Synthesis of [N3
Mes
]Ru(C2H4), 1. A flask was charged with 0.410 g (6.86 x 10
-4
 
mol) of [N3
Mes
]RuCl2(C2H4) and 0.226 g (1.67 x 10
-3
 mol) of KC8. Dimethoxyethane (20 
mL) was vacuum transferred into the flask at -78 °C. The solution was stirred while kept 
cold at -78 °C until the solution froze. The solution was allowed to slowly thaw to room 
temperature while stirring and was subsequently stripped. The reddish brown product was 
extracted with heptane through a glass frit and stripped. The solid product was collected 
yielding 0.234 g (65% yield) as reddish/brown microcrystals. 
1
H NMR (C6D12) 8.71 (t, 
3
JHH = 7.7 Hz, 1H, Py-Hp), 8.31 (d, 
3
JHH = 7.7 Hz, 2H, Py-Hm), 6.98 (s, 4H, Mes-Hm), 
3.56 (s, 4H, C2H4), 2.40 (s, 6H, Mes-Mep), 1.90 (s, 12H, Mes-Meo), 0.35 (s, 6H, Im-Me). 
13
C{
1
H} NMR (90.6 MHz, C6D12) 155.85 (s, 2C), 155.43 (s, 2C), 152.79 (s, 2C), 134.10 
(s, 2C), 129.46 (s, 4C, Mes-Co), 129.27 (s, 4C, Mes-Cm), 122.76 (s, 1C, Py-Cp), 114.48 
(s, 2C, Py-Cm), 67.32 (s, 2C, C2H4), 21.40 (s, 2C, Mes-MeP), 20.85 (s, 2C, Im-Me), 19.73 
(s, 4C, Mes-Meo). UV-Vis: 373 nm ( = 40800 L mol
-1
 cm
-1
) and 514 nm ( = 36300 L 
230 
 
mol
-1
 cm
-1
) while weaker bands appear at 629 nm ( = 9200 L mol-1 cm-1), 689 nm ( = 
8100 L mol
-1
 cm
-1
), and 1049 nm ( = 7900 L mol-1 cm-1.) Anal. Calcd. for C29H35N3Ru: 
C, 66.13; H, 6.70; N, 7.98. Found: C, 66.23; H, 6.80; N, 7.87. 
Synthesis of [K]2[[N3
Mes
]Ru(C2H4)]•nDME, 2. A flask was charged with 0.417 g 
(7.91 x 10
-4
 mol) of complex 1 and 0.560 g (4.14 x 10
-3
 mol) of KC8. Dimethoxyethane 
(20 mL) was vacuum transferred into the flask at -78 °C. The solution was stirred while 
kept cold at -78 °C until the solution froze. The red solution was allowed to slowly thaw 
to room temperature while stirring. The solution was then decanted through a glass frit 
removing the graphite. The solution volume was reduced to about 10 mL in vacuo. The 
red product was recrystallized from 1:1 Et2O:DME at 0 °C, yielding 0.143 g of red 3 
(30% yield) as red needles. Repeated recrystallizations from pentane/DME and 
toluene/DME yielded needles too small for X-ray analysis. 
1
H NMR (THF-d8) 9.50 (d, 
3
JHH = 7.5 Hz, 2H, Py-Hm), 6.61 (s, 4H, Mes-Hm), 6.51 (t, 
3
JHH = 7.5 Hz, 1H, Py-Hp), 
2.81 (s, 4H, C2H4), 2.20 (s, 6H), 1.72 (s, 6H), 1.41 (s, 12H, Mes-Meo). Satisfactory 
elemental analysis was not obtained. Anal. Calcd. for C29H35K2N3Ru: C, 57.58; H, 5.83; 
N, 6.95. Found: C, 52.97; H, 6.52; N, 5.31. 
Synthesis of [N3
Mes
]Ru(C2H4)2, 3. A 4 mL cyclohexane solution of 1 (0.045 g, 
8.5 x 10
-5
 mol) was transferred to a 1 cm diameter glass tube with a joint attached at the 
end. The solution was frozen, the tube was evacuated of nitrogen, and backfilled with 1 
atm of ethylene and flame sealed at -78 °C. The solution (orange) was thawed, shaken, 
and left overnight in the tube. The solution was decanted away from the solid crystals that 
231 
 
had formed prior to opening the tube in an air free glove box. The solid product was 
collected yielding 0.023 g (49% yield) of orange crystals. Interestingly, crystal growth of 
2 was only achieved in cylindrically shaped glass tubes rather than spherical round 
bottom flasks. 
1
H NMR (C6D12, observed under ethylene as described in the text to 
mitigate line broadening due to exchange) 7.96 (d,
 3
JHH = 7.7 Hz, 2H, Py-Hm), 7.31 (t,
 
3
JHH = 7.7 Hz, 1H, Py-Hp), 6.76 (s, 4H, Mes-Hm), 2.26 (s, 6H), 2.21 (s, 6H), 1.72 (s, 12H, 
Mes-Meo), 1.61 (s, 8H, C2H4). Anal. Calcd. for C31H39N3Ru: C, 67.12; H, 7.09; N, 7.57. 
Found: C, 66.88; H, 7.13; N, 7.59. 
5.4.3 DFT Calculations 
DFT calculations were performed at the B3LYP
19
 level of theory employing the 
6-31G(d,p)
20
 basis set for the non-ruthenium atoms and the quasi-relativistic small-core 
SDD pseudopotential and [6s5p3d] contracted valence basis set
21
 and ECPs for Ru, 
supplemented with two 4f-type and one 5g-type functions as described by Martin and 
Sundermann.
22 
Calculated energy minima for optimized geometries were confirmed as 
stationary points by the absence of imaginary vibrational modes in a subsequent 
frequency calculation. The stationary point for rotation of the ethylene ligand in 1
Xyl
-ts 
from in the [N3] plane to the perpendicular geometry was located and confirmed as a 
transition structure by the presence of one imaginary frequency corresponding to the 
expected rotation. Attempts to locate stable broken symmetry wave functions for five-
coordinate complexes such as geometric isomers of 3 were unsuccessful, and converged 
to the restricted solutions. These wave functions were subsequently confirmed to exhibit 
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no RKS/UKS or other instabilities.
64
 In contrast, stable, open-shell singlet wave functions 
were found to lie substantially lower energy than the restricted solutions for the four-
coordinate complexes such as 1
Xyl
, 1
Xyl
-perp, and 1
Xyl
-ts. The geometries of these species 
were optimized using the unrestricted wave functions.  
5.4.4 Single-Crystal X-ray Diffraction Analyses.  
X-ray intensity data were collected on a Bruker D8QUEST CMOS area detector 
for 1 and a Bruker APEXII CCD area detector for 3 employing graphite-monochromated 
Mo-K radiation (=0.71073 Å) at a temperature of 100 K. Rotation frames were 
integrated using SAINT,
65
 producing a listing of unaveraged F
2
 and (F2) values. The 
intensity data were corrected for Lorentz and polarization effects and for absorption using 
SADABS.
66
 Refinement was by full-matrix least squares based on F
2
 using SHELXL-
2014/7
66
. All reflections were used during refinement. Non-hydrogen atoms were refined 
anisotropically and hydrogen atoms were refined using a riding model, except the olefin 
hydrogen atoms which were refined isotropically.  
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Table 1. Crystallographic information for 1 
Empirical formula    C29H35N3Ru  
Formula weight    526.67  
Temperature/K    100  
Crystal system    monoclinic  
Space group     C2/c  
a      23.2066(19)Å  
b      15.4043(12)Å  
c      17.1281(14)Å  
      124.200(2)°  
Volume     5064.2(7)Å
3
  
Z      8  
dcalc      1.382 g/cm
3
  
      0.640 mm-1  
F(000)     2192.0  
Crystal size, mm    0.40 × 0.30 × 0.15  
2 range for data collection      5.752 - 56.064°  
Index ranges     -30 ≤ h ≤ 30, -19 ≤ k ≤ 19, -22 ≤ l ≤ 22  
Reflections collected    117498  
Independent reflections   5900[R(int) = 0.0329]  
Data/restraints/parameters   5900/0/322  
Goodness-of-fit on F
2
    1.127  
Final R indexes [I>=2 (I)]   R1 = 0.0227, wR2 = 0.0579  
Final R indexes [all data]   R1 = 0.0253, wR2 = 0.0595  
Largest diff. peak/hole   0.39/-0.71 eÅ
-3
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Table 2. Bond distances in 1 
Atoms Distance (Å) Atoms Distance (Å) Atoms Distance (Å) 
Ru1-N1 2.0389(13) Ru1-N2 1.9539(13) Ru1-N3 2.0449(13) 
Ru1-C28 2.1462(17) Ru1-C29 2.1403(16) N1-C1 1.322(2) 
N1-C8 1.433(2) N2-C2 1.3685(19) N2-C6 1.3716(19) 
N3-C7 1.323(2) N3-C19 1.4301(19) C1-C2 1.424(2) 
C1-C17 1.492(2) C2-C3 1.387(2) C3-C4 1.384(2) 
C4-C5 1.377(2) C5-C6 1.386(2) C6-C7 1.418(2) 
C7-C18 1.494(2) C8-C9 1.401(2) C8-C13 1.396(2) 
C9-C10 1.390(2) C9-C14 1.502(2) C10-C11 1.387(3) 
C11-C12 1.395(3) C11-C15 1.503(2) C12-C13 1.385(2) 
C13-C16 1.510(2) C19-C20 1.377(2) C19-C24 1.414(2) 
C20-C21 1.387(2) C20-C25 1.518(2) C21-C22 1.402(3) 
C22-C23 1.369(2) C22-C26 1.502(2) C23-C24 1.387(2) 
C24-C27 1.484(2) C28-C29 1.382(2) C28-H28a 0.97(3) 
C28-H28b 0.99(2) C29-H29a 0.94(2) C29-H29b 1.02(2) 
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Table 3. Bond angles in 1 
Atoms Angle (°) Atoms Angle (°) Atoms Angle (°) 
N1-Ru1-N3 152.33(5) N1-Ru1-C28 84.94(6) N1-Ru1-C29 122.54(6) 
N2-Ru1-N1 76.41(5) N2-Ru1-N3 76.00(5) N2-Ru1-C28 161.26(6) 
N2-Ru1-C29 161.03(6) N3-Ru1-C28 122.70(6) N3-Ru1-C29 85.09(6) 
C29-Ru1-C28 37.61(7) C1-N1-Ru1 117.44(11) C1-N1-C8 116.73(13) 
C8-N1-Ru1 125.74(10) C2-N2-Ru1 120.28(10) C2-N2-C6 119.03(13) 
C6-N2-Ru1 120.69(10) C7-N3-Ru1 117.66(10) C7-N3-C19 117.00(13) 
C19-N3-Ru1 125.29(10) N1-C1-C2 114.43(14) N1-C1-C17 123.48(15) 
C2-C1-C17 122.09(14) N2-C2-C1 111.37(13) N2-C2-C3 120.68(14) 
C3-C2-C1 127.94(15) C4-C3-C2 119.93(15) C5-C4-C3 119.54(15) 
C4-C5-C6 119.52(15) N2-C6-C5 121.27(14) N2-C6-C7 111.27(13) 
C5-C6-C7 127.46(14) N3-C7-C6 114.35(14) N3-C7-C18 123.25(14) 
C6-C7-C18 122.40(14) C9-C8-N1 119.99(14) C13-C8-N1 118.19(14) 
C13-C8-C9 121.76(15) C8-C9-C14 121.12(15) C10-C9-C8 118.27(16) 
C10-C9-C14 120.60(16) C11-C10-C9 121.51(16) C10-C11-C12 118.52(15) 
C10-C11-C15 120.98(17) C12-C11-C15 120.50(17) C13-C12-C11 122.16(16) 
C8-C13-C16 120.80(15) C12-C13-C8 117.78(15) C12-C13-C16 121.41(15) 
C20-C19-N3 118.78(14) C20-C19-C24 121.53(14) C24-C19-N3 119.58(14) 
C19-C20-C21 116.80(15) C19-C20-C25 121.22(14) C21-C20-C25 121.98(14) 
C20-C21-C22 123.20(15) C21-C22-C26 121.68(16) C23-C22-C21 118.57(15) 
C23-C22-C26 119.73(17) C22-C23-C24 120.44(16) C19-C24-C27 120.38(15) 
C23-C24-C19 119.45(15) C23-C24-C27 120.16(15) Ru1-C28-H28a 106.4(14) 
Ru1-C28-H28b 109.9(13) C29-C28-Ru1 70.97(10) C29-C28-H28a 119.7(15) 
C29-C28-H28b 119.2(14) H28a-C28-H28b 118(2) Ru1-C29-H29a 107.2(15) 
Ru1-C29-H29b 110.1(12) C28-C29-Ru1 71.43(10) C28-C29-H29a 118.5(14) 
C28-C29-H29b 120.6(12) H29a-C29-H29b 117.1(19)     
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Table 4. Crystallographic data for 3 
Empirical formula    C31H39N3Ru  
Formula weight    554.72  
Temperature/K    100  
Crystal system    monoclinic  
Space group     P21/n  
a      15.0762(6)Å  
b      12.0116(5)Å  
c      15.4577(7)Å  
      101.709(2)°  
Volume     2741.0(2)Å
3
  
Z      4  
dcalc      1.344 g/cm
3
  
      0.595 mm-1  
F(000)     1160.0  
Crystal size, mm    0.27 × 0.16 × 0.16  
2 range for data collection      3.44 - 55.19°  
Index ranges     -19 ≤ h ≤ 19, -15 ≤ k ≤ 15, -20 ≤ l ≤ 20  
Reflections collected    52526  
Independent reflections   6323[R(int) = 0.0225]  
Data/restraints/parameters   6323/0/356  
Goodness-of-fit on F
2
    1.035  
Final R indexes [I>=2 (I)]   R1 = 0.0180, wR2 = 0.0462  
Final R indexes [all data]   R1 = 0.0199, wR2 = 0.0473  
Largest diff. peak/hole   0.40/-0.43 eÅ
-3
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Table 5. Bond distances in 3 
Atoms Distance (Å) Atoms Distance (Å) Atoms Distance (Å) 
Ru1-N1 2.0788(10) Ru1-N2 1.9481(10) Ru1-N3 2.0832(10) 
Ru1-C28 2.1396(12) Ru1-C29 2.1741(13) Ru1-C30 2.1759(13) 
Ru1-C31 2.1626(13) N1-C1 1.3342(16) N1-C8 1.4384(16) 
N2-C2 1.3806(15) N2-C6 1.3784(16) N3-C7 1.3343(16) 
N3-C19 1.4417(15) C1-C2 1.4348(18) C1-C17 1.5054(17) 
C2-C3 1.3930(17) C3-C4 1.3956(19) C4-C5 1.3923(18) 
C5-C6 1.3922(17) C6-C7 1.4373(17) C7-C18 1.5000(17) 
C8-C9 1.4051(18) C8-C13 1.3994(18) C9-C10 1.3927(18) 
C9-C14 1.5043(18) C10-C11 1.389(2) C11-C12 1.392(2) 
C11-C15 1.5090(19) C12-C13 1.3953(19) C13-C16 1.5095(19) 
C19-C20 1.4031(18) C19-C24 1.4067(18) C20-C21 1.3996(18) 
C20-C25 1.5028(19) C21-C22 1.391(2) C22-C23 1.391(2) 
C22-C26 1.5124(18) C23-C24 1.3967(18) C24-C27 1.5070(19) 
C28-H28a 0.950(16) C28-H28b 0.938(18) C28-C29 1.4112(19) 
C29-H29a 0.961(17) C29-H29b 0.951(17) C30-H30a 0.946(17) 
C30-H30b 0.952(17) C30-C31 1.4057(18) C31-H31a 0.931(17) 
C31-H31b 0.981(16)       
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Table 6. Bond angles in 3 
Atoms Angle (°) Atoms Angle (°) Atoms Angle (°) 
N1-Ru1-N3 142.53(4) N1-Ru1-C28 93.25(5) N1-Ru1-C29 102.76(5) 
N1-Ru1-C30 85.41(5) N1-Ru1-C31 122.28(5) N2-Ru1-N1 76.68(4) 
N2-Ru1-N3 76.77(4) N2-Ru1-C28 142.44(5) N2-Ru1-C29 179.06(5) 
N2-Ru1-C30 90.94(5) N2-Ru1-C31 91.54(5) N3-Ru1-C28 91.92(5) 
N3-Ru1-C29 104.07(5) N3-Ru1-C30 120.94(4) N3-Ru1-C31 84.34(4) 
C28-Ru1-C29 38.18(5) C28-Ru1-C30 124.70(5) C28-Ru1-C31 123.31(5) 
C29-Ru1-C30 88.26(5) C31-Ru1-C29 88.14(5) C31-Ru1-C30 37.81(5) 
C1-N1-Ru1 115.26(8) C1-N1-C8 118.69(10) C8-N1-Ru1 125.66(8) 
C2-N2-Ru1 119.25(8) C6-N2-Ru1 119.14(8) C6-N2-C2 121.51(11) 
C7-N3-Ru1 114.65(8) C7-N3-C19 115.15(10) C19-N3-Ru1 129.85(8) 
N1-C1-C2 114.49(11) N1-C1-C17 123.13(12) C2-C1-C17 122.23(11) 
N2-C2-C1 111.71(11) N2-C2-C3 119.45(12) C3-C2-C1 128.53(12) 
C2-C3-C4 119.45(12) C5-C4-C3 120.36(12) C6-C5-C4 119.71(12) 
N2-C6-C5 119.37(11) N2-C6-C7 111.68(11) C5-C6-C7 128.61(12) 
N3-C7-C6 114.73(11) N3-C7-C18 122.75(11) C6-C7-C18 122.36(11) 
C9-C8-N1 116.76(11) C13-C8-N1 122.29(12) C13-C8-C9 120.80(12) 
C8-C9-C14 120.86(12) C10-C9-C8 118.62(12) C10-C9-C14 120.49(12) 
C11-C10-C9 121.96(13) C10-C11-C12 118.07(12) C10-C11-C15 121.01(13) 
C12-C11-C15 120.93(13) C11-C12-C13 122.18(13) C8-C13-C16 122.15(12) 
C12-C13-C8 118.34(12) C12-C13-C16 119.51(12) C20-C19-N3 122.49(11) 
C20-C19-C24 120.99(11) C24-C19-N3 116.50(11) C19-C20-C25 121.86(11) 
C21-C20-C19 118.08(12) C21-C20-C25 120.04(12) C22-C21-C20 122.30(13) 
C21-C22-C23 118.12(12) C21-C22-C26 120.92(14) C23-C22-C26 120.92(14) 
C22-C23-C24 121.97(13) C19-C24-C27 120.86(11) C23-C24-C19 118.44(12) 
C23-C24-C27 120.69(12) C29-C28-Ru1 72.23(7) C29-C28-H28a 121.7(10) 
C29-C28-H28b 119.2(10) Ru1-C29-H29a 113.2(10) Ru1-C29-H29b 112.8(10) 
C28-C29-Ru1 69.59(7) C28-C29-H29a 120.0(10) C28-C29-H29b 119.8(11) 
H29a-C29-H29b 113.4(15) Ru1-C30-H30a 108.0(10) Ru1-C30-H30b 114.9(10) 
H30a-C30-H30b 114.9(14) C31-C30-Ru1 70.58(7) C31-C30-H30a 119.8(10) 
C31-C30-H30b 119.3(10) Ru1-C31-H31a 107.7(10) Ru1-C31-H31b 113.0(9) 
C30-C31-Ru1 71.61(7) C30-C31-H31a 120.2(10) C30-C31-H31b 120.9(9) 
H31a-C31-H31b 113.9(14)       
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Table 7. DFT coordinates for 1
Xyl 
62 
Ru 0.000007 -0.199062 0.000152 
N -2.031708 0.298278 -0.000064 
N 0.000001 1.767996 -0.000334 
N 2.031722 0.298291 -0.000093 
C -2.32768 1.59727 -0.000364 
C -1.188941 2.468564 -0.000507 
C -1.204085 3.867773 -0.000829 
C -0.000008 4.572339 -0.000971 
C 1.204074 3.867781 -0.000806 
C 1.188939 2.468572 -0.000489 
C 2.327684 1.597285 -0.00035 
C -3.129856 -0.629548 0.000062 
C -3.641216 -1.090991 1.228896 
C -4.676053 -2.033498 1.205229 
C -5.193242 -2.505403 0.000317 
C -4.675837 -2.034062 -1.204724 
C -3.641001 -1.091564 -1.228647 
C -3.090007 -0.578562 2.537297 
C -3.08956 -0.579729 -2.537182 
C -3.720601 2.167718 -0.000653 
C 3.720601 2.167743 -0.000628 
C 3.129876 -0.629526 -0.000026 
C 3.641095 -1.091372 -1.228768 
C 4.675941 -2.033861 -1.204913 
C 5.193282 -2.50536 0.000094 
C 4.676018 -2.033624 1.20504 
C 3.641171 -1.09113 1.228775 
C 3.089745 -0.579343 -2.537265 
C 3.089867 -0.578903 2.537216 
H -2.152624 4.39282 -0.000979 
H -0.000012 5.657404 -0.001218 
H 2.152609 4.392835 -0.00094 
H -5.07508 -2.399224 2.147989 
H -5.074697 -2.40023 -2.147383 
H -3.46499 -1.171324 3.376047 
H -3.375395 0.46574 2.7152 
H -1.994764 -0.606784 2.54251 
H -1.994312 -0.607824 -2.542116 
H -3.375033 0.464451 -2.715667 
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H -3.464285 -1.172953 -3.375721 
H -4.479147 1.386217 -0.000131 
H -3.879528 2.800732 -0.882025 
H -3.879438 2.801841 0.879931 
H 4.479153 1.386248 -0.000269 
H 3.879484 2.801731 0.880046 
H 3.879473 2.800895 -0.881911 
H 5.074865 -2.399891 -2.147599 
H 5.07499 -2.399479 2.147773 
H 1.994499 -0.607466 -2.542292 
H 3.464556 -1.172419 -3.37587 
H 3.375198 0.464875 -2.715556 
H 3.464725 -1.171848 3.375893 
H 1.994622 -0.607052 2.542315 
H 3.375318 0.465344 2.715343 
H 5.994015 -3.239279 0.000141 
H -5.993967 -3.239331 0.000418 
H -1.2506 -2.457908 0.916255 
C -0.696781 -2.267522 0.000959 
C 0.69681 -2.267515 0.000971 
H 1.250616 -2.457889 0.916279 
H -1.250592 -2.458696 -0.914179 
H 1.250637 -2.458691 -0.914156 
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Table 8. DFT coordinates for 1
Xyl
-perp 
62 
Ru -0.002659 -0.150924 -0.079237 
N -2.024237 0.260297 0.114163 
N 0.011145 1.763552 0.445916 
N 2.026339 0.24924 0.047807 
C -2.325131 1.538235 0.394908 
C -1.190741 2.418001 0.571303 
C -1.19448 3.787603 0.854944 
C 0.027324 4.460175 0.982241 
C 1.240596 3.780964 0.814928 
C 1.220048 2.411424 0.531725 
C 2.343229 1.525548 0.31827 
C -3.072891 -0.703118 -0.035412 
C -3.561789 -1.382695 1.100005 
C -4.527938 -2.378875 0.915098 
C -5.005089 -2.694497 -0.355249 
C -4.516277 -2.008374 -1.465545 
C -3.546942 -1.008473 -1.328708 
C -3.066559 -1.040571 2.485067 
C -3.033698 -0.260589 -2.535293 
C -3.728641 2.057846 0.555738 
C 3.753993 2.037869 0.432195 
C 3.064233 -0.719854 -0.136357 
C 3.493586 -1.027679 -1.444603 
C 4.452557 -2.032702 -1.613312 
C 4.97426 -2.721437 -0.519739 
C 4.541132 -2.403315 0.765669 
C 3.586894 -1.402075 0.982326 
C 2.944448 -0.27742 -2.6338 
C 3.139701 -1.057416 2.383015 
H -2.130513 4.322382 0.973306 
H 0.033868 5.522677 1.204424 
H 2.182943 4.310591 0.902342 
H -4.907227 -2.910204 1.784406 
H -4.888326 -2.247436 -2.458638 
H -3.421145 -1.773344 3.214963 
H -3.418814 -0.053904 2.810055 
H -1.972814 -1.012974 2.520582 
H -1.942174 -0.325881 -2.605701 
H -3.282712 0.806137 -2.488 
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H -3.464309 -0.664675 -3.45541 
H -3.866191 2.988909 -0.004715 
H -3.956018 2.280157 1.606765 
H -4.463402 1.334198 0.201013 
H 4.473118 1.308475 0.057781 
H 4.015645 2.263765 1.474423 
H 3.878885 2.96562 -0.136728 
H 4.790261 -2.273655 -2.618151 
H 4.946263 -2.936596 1.622023 
H 1.851124 -0.340726 -2.670366 
H 3.345406 -0.681347 -3.567293 
H 3.196758 0.788779 -2.593186 
H 3.517245 -1.790246 3.101241 
H 2.047855 -1.027412 2.45567 
H 3.504817 -0.071174 2.69477 
H 5.714192 -3.502448 -0.6689 
H -5.753623 -3.471615 -0.479791 
H 0.921434 -2.544584 0.909866 
C -0.001792 -2.257763 0.409684 
C -0.022154 -2.12232 -0.996729 
H 0.887135 -2.317153 -1.56339 
H -0.911544 -2.538912 0.937027 
H -0.948954 -2.311654 -1.536283 
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Table 9. DFT coordinates for 1
Xyl
-ts 
62 
Ru 0.0108721 -0.2431845 -0.0183883 
N -2.0231824 0.231554 0.0573139 
N 0.0195577 1.6930472 0.4273512 
N 2.0310996 0.2072179 0.1538517 
C -2.3114288 1.5212919 0.2725764 
C -1.1743555 2.3770203 0.4825451 
C -1.1847433 3.7453845 0.7784652 
C 0.0224176 4.4092464 1.0089793 
C 1.2312434 3.7109574 0.9303214 
C 1.2128959 2.3464059 0.6252962 
C 2.3433927 1.4747209 0.439854 
C -3.1127345 -0.6924155 -0.0733695 
C -3.6217827 -1.3314107 1.0750623 
C -4.6436594 -2.2747532 0.9132769 
C -5.1519531 -2.5787145 -0.3480189 
C -4.6345972 -1.9385365 -1.4727673 
C -3.6102179 -0.9919585 -1.3581054 
C -3.0820172 -1.0088282 2.4476603 
C -3.0451168 -0.3100318 -2.5794352 
C -3.708105 2.0761764 0.3676174 
C 3.7454225 2.0122489 0.5441962 
C 3.0974146 -0.7138196 -0.1218554 
C 3.4417406 -0.9779306 -1.4629136 
C 4.4456948 -1.9186466 -1.7194433 
C 5.0927603 -2.5835908 -0.6794683 
C 4.7372563 -2.3116244 0.6399892 
C 3.738778 -1.3783184 0.9435546 
C 2.7587522 -0.2506454 -2.5961411 
C 3.3501195 -1.1021117 2.3755738 
H -2.1261948 4.2800551 0.8365165 
H 0.0220179 5.4685992 1.2449332 
H 2.174935 4.219019 1.094796 
H -5.0405979 -2.7749068 1.7931028 
H -5.0237759 -2.1750432 -2.4599013 
H -3.4648716 -1.7140416 3.1903298 
H -3.3688343 -0.0002017 2.7697801 
H -1.9875487 -1.041879 2.4591574 
H -1.9545084 -0.4113901 -2.6149088 
H -3.2576747 0.7656807 -2.5806397 
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H -3.4675959 -0.7356567 -3.4936457 
H -4.4494588 1.3626153 0.0085537 
H -3.8003895 2.993981 -0.2229057 
H -3.9637039 2.3345588 1.4038341 
H 4.4863712 1.2659395 0.2588834 
H 3.9668213 2.3371592 1.5687997 
H 3.8729352 2.8881164 -0.1021687 
H 4.7192553 -2.1271002 -2.7506332 
H 5.2340051 -2.8324751 1.4545914 
H 1.6677352 -0.3151617 -2.5125895 
H 3.0600832 -0.6652997 -3.5618761 
H 3.0057154 0.8178729 -2.59744 
H 3.8148189 -1.826799 3.049486 
H 2.2637512 -1.1490769 2.5022002 
H 3.6639396 -0.1020641 2.6983216 
H 5.8671195 -3.3135842 -0.8966559 
H -5.9437711 -3.3145567 -0.4546447 
H 1.4836382 -2.5692109 0.3336267 
C 0.4300588 -2.3485542 0.4661327 
C -0.4257444 -2.282139 -0.6399863 
H -0.0081098 -2.3885478 -1.643886 
H 0.0333895 -2.5965168 1.4491264 
H -1.4775757 -2.5328251 -0.5576033 
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Table 10. DFT coordinates for 3
Xyl 
68 
Ru -0.71796 0.007294 0.021484 
N -0.163767 1.956574 0.340441 
N -0.173493 -0.003056 1.87749 
N -0.187883 -1.951088 0.326016 
C -0.009902 2.297409 1.620258 
C -0.039476 1.19694 2.531196 
C 0.147318 1.198989 3.911791 
C 0.222392 -0.015434 4.596043 
C 0.132169 -1.223803 3.902992 
C -0.05449 -1.209386 2.522432 
C -0.038449 -2.303315 1.603312 
C 0.161958 2.931854 -0.643265 
C -0.810606 3.76214 -1.215408 
C -0.408997 4.669467 -2.201858 
C 0.914798 4.755189 -2.608566 
C 1.870261 3.936556 -2.016167 
C 1.515366 3.022937 -1.024289 
C -2.239746 3.716484 -0.776724 
C 2.532798 2.13398 -0.385395 
C 0.280396 3.700697 2.030383 
C 0.234074 -3.713179 2.002904 
C 0.12599 -2.923022 -0.664852 
C 1.478277 -3.028128 -1.046237 
C 1.82206 -3.938514 -2.044975 
C 0.856636 -4.740598 -2.643839 
C -0.466121 -4.641406 -2.236824 
C -0.856687 -3.736654 -1.243592 
C 2.506498 -2.156726 -0.400467 
C -2.285321 -3.676357 -0.805046 
H 0.248569 2.141696 4.454336 
H 0.372859 -0.020312 5.677722 
H 0.221476 -2.171667 4.438619 
H -1.163016 5.32742 -2.646206 
H 2.919119 4.001501 -2.323083 
H -2.814836 2.977076 -1.356872 
H -2.725415 4.690814 -0.9294 
H -2.340951 3.43767 0.283234 
H 2.248096 1.073819 -0.500074 
H 2.609508 2.303541 0.701876 
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H 3.528149 2.284623 -0.823756 
H -0.445145 4.405641 1.592977 
H 1.273983 4.030522 1.678813 
H 0.256642 3.819598 3.120276 
H -0.500486 -4.4055 1.560401 
H 0.208973 -3.8399 3.091888 
H 1.223307 -4.052988 1.648597 
H 2.870123 -4.014215 -2.352138 
H -1.228159 -5.286423 -2.686428 
H 2.234662 -1.09231 -0.506675 
H 3.499912 -2.315987 -0.840176 
H 2.58128 -2.335844 0.68541 
H -2.783085 -4.643385 -0.965022 
H -2.850918 -2.925587 -1.379941 
H -2.383343 -3.404079 0.256903 
H 1.139585 -5.451795 -3.424222 
H 1.206448 5.468744 -3.383575 
C -1.425455 0.020778 -2.026103 
C -0.018935 0.010175 -2.006896 
H -1.950639 0.940315 -2.287221 
H 0.526333 0.921256 -2.251049 
H -1.964344 -0.888611 -2.294627 
H 0.512631 -0.90702 -2.258281 
C -2.666027 -0.683365 0.580722 
C -2.657355 0.717654 0.586291 
H -3.214777 -1.198994 -0.198088 
H -3.199721 1.246223 -0.188314 
H -2.547806 -1.244572 1.510685 
H -2.532176 1.269932 1.520681 
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Table 11. DFT Coordinates for 3
Xyl
-planar 
68 
Ru -0.409282 -0.008291 0.025592 
N -0.122111 1.967615 0.386168 
N 0.148221 -0.017543 1.862761 
N -0.177202 -1.985771 0.368379 
C 0.079914 2.29594 1.661427 
C 0.179415 1.18355 2.547286 
C 0.327634 1.181336 3.932448 
C 0.393801 -0.031035 4.619401 
C 0.268061 -1.234113 3.926651 
C 0.125103 -1.225069 2.539862 
C -0.005129 -2.327478 1.649121 
C 0.03331 2.974429 -0.601468 
C -1.067679 3.689716 -1.093679 
C -0.855054 4.589363 -2.144427 
C 0.412062 4.793876 -2.671067 
C 1.502792 4.123022 -2.125683 
C 1.339028 3.218397 -1.077269 
C -2.422214 3.58853 -0.457971 
C 2.51595 2.540261 -0.445226 
C 0.241865 3.716066 2.086041 
C 0.09828 -3.753307 2.074469 
C 0.042975 -2.985436 -0.613832 
C 1.382913 -3.294291 -0.932817 
C 1.625162 -4.22237 -1.945232 
C 0.575876 -4.846109 -2.613233 
C -0.734457 -4.546313 -2.268951 
C -1.02502 -3.61459 -1.266749 
C 2.511888 -2.622046 -0.213311 
C -2.447269 -3.335904 -0.8886 
H 0.376573 2.12613 4.47805 
H 0.513418 -0.036769 5.704818 
H 0.270525 -2.182775 4.467833 
H -1.709057 5.150461 -2.538365 
H 2.510199 4.304809 -2.514107 
H -3.202193 3.305671 -1.182074 
H -2.726041 4.565975 -0.048138 
H -2.444397 2.862648 0.36745 
H 2.346258 1.45889 -0.308033 
H 2.716928 2.940035 0.563752 
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H 3.426489 2.687461 -1.041899 
H -0.606794 4.332263 1.74544 
H 1.145674 4.176318 1.651453 
H 0.313111 3.810729 3.175907 
H -0.701973 -4.359105 1.619809 
H 0.021993 -3.855348 3.163825 
H 1.048787 -4.221543 1.765244 
H 2.661419 -4.455797 -2.210721 
H -1.56357 -5.049296 -2.777677 
H 2.347047 -1.533104 -0.129427 
H 3.467359 -2.799943 -0.725331 
H 2.622193 -2.986468 0.821933 
H -3.000815 -4.273206 -0.722856 
H -2.981976 -2.803091 -1.69249 
H -2.524298 -2.729165 0.025341 
H 0.783514 -5.573201 -3.402675 
H 0.556737 5.495123 -3.497082 
C -0.702595 -0.093265 -2.255786 
C 0.645006 -0.047915 -1.952235 
H -1.21186 0.798122 -2.613139 
H 1.187853 0.88166 -2.095411 
H -1.177866 -1.037366 -2.514434 
H 1.238153 -0.957218 -2.00316 
C -2.35107 0.042844 0.891413 
C -2.573302 0.135638 -0.481815 
H -2.513468 -0.898605 1.421232 
H -2.946252 -0.716633 -1.036072 
H -2.394346 0.930193 1.527501 
H -2.804108 1.08983 -0.941096 
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Table 12. DFT Coordinates for 3
Xyl
-cycle 
68 
Ru 0.003789 -0.18641 -0.023013 
N -0.387834 -0.319186 1.976447 
N -1.924525 -0.314492 -0.019323 
N -0.397147 -0.209396 -2.005566 
C -1.669787 -0.308243 2.292737 
C -2.578508 -0.242002 1.172071 
C -3.966247 -0.094949 1.201283 
C -4.66129 0.025555 -0.001843 
C -3.965966 0.034864 -1.211469 
C -2.579825 -0.121851 -1.199849 
C -1.675955 -0.133904 -2.325593 
C 0.62147 -0.327597 2.971328 
C 0.763441 0.73956 3.879695 
C 1.826065 0.696429 4.788278 
C 2.718514 -0.364658 4.813005 
C 2.575333 -1.39797 3.89454 
C 1.547629 -1.388197 2.954148 
C -0.155973 1.924096 3.898726 
C 1.477504 -2.460096 1.915463 
C -2.214587 -0.411665 3.674847 
C -2.208152 -0.142648 -3.715782 
C 0.621374 -0.332391 -2.982688 
C 1.371535 -1.523028 -2.960502 
C 2.425389 -1.667967 -3.858506 
C 2.749019 -0.64819 -4.748017 
C 2.013236 0.527912 -4.740441 
C 0.935871 0.711736 -3.867273 
C 1.034199 -2.593916 -1.974216 
C 0.171587 2.000083 -3.885804 
H -4.49155 -0.047427 2.158663 
H -5.746416 0.149084 0.004718 
H -4.491278 0.184606 -2.158305 
H 1.946378 1.530385 5.487572 
H 3.283331 -2.232864 3.890186 
H 0.415611 2.84724 4.07526 
H -0.894916 1.854248 4.71525 
H -0.71051 2.049784 2.958503 
H 2.011177 -2.120658 1.009352 
H 0.446022 -2.712286 1.622529 
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H 1.973773 -3.380522 2.255146 
H -2.971574 -1.211073 3.724218 
H -2.724022 0.518659 3.978155 
H -1.433538 -0.627941 4.414651 
H -1.43068 -0.384963 -4.452069 
H -2.638402 0.836772 -3.986931 
H -3.0217 -0.87907 -3.813765 
H 3.00369 -2.59732 -3.849751 
H 2.276064 1.342515 -5.423201 
H 1.281693 -2.266688 -0.945672 
H 1.611419 -3.510301 -2.159369 
H -0.03696 -2.849839 -1.97894 
H 0.841738 2.84435 -4.10338 
H -0.325569 2.204039 -2.926689 
H -0.605138 2.005412 -4.669896 
H 3.586571 -0.767765 -5.439877 
H 3.537314 -0.379564 5.536788 
H 1.754966 2.041439 -1.498265 
C 2.021798 1.925228 -0.426478 
C 2.037538 0.443301 -0.055351 
H 2.661041 -0.131339 -0.781117 
H 2.993645 2.44045 -0.296009 
H 2.538633 0.337599 0.936142 
H -0.800356 2.162119 -0.865986 
C -0.373203 1.835841 0.107614 
C 0.927455 2.560689 0.416305 
H 0.837355 3.655571 0.270075 
H -1.17024 2.03068 0.858791 
H 1.190533 2.410298 1.484097 
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